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l.' .

waveguiding fibers, which is the first report of nanosecond pulse generation in single

\,F crystal fibers. ./ — /

CW and Q-switched laser operation were achieved in Nd:Mg0O:LiNb0,. True-CW, room temperature
laser oscillation was demonstrated for both the high (w) and thg Tow-gain polarizations with

§ﬁ' thresholds as low as 2 and 3.9 mW respectively. Up to 22 mW output with only 70 mW input

L$$ and a record slope efficiency of 45% were attained. It was shown that photorefractive da-

’ mage is almost non-existent in these lasers whem pumped in the near infrared, a significant

o improvement over past non-Mg0 doped, Nd:LiNbQO, lasers. A laser characterization of Nd:MgO:

1h LiNbO, showed that it is as good a laser mate;ial as Nd:YAG. Two types of laser diodes
were éharacterized. One of them was used to demonstrate laser diode-pumped oscillation in

-a\ Nd:MgO:LiNb03.

ljh The integration of an electro-optic cell and a laser medium was achieved in the "Active

S0 Internally Q-switched Laser," which emitted 30 nsec pulse widths, 5 W pcak power pulses and

2 had 10 mW threshold and less than 300 V switching voltage. A strong screening field (1.5

% kV/cm or higher) of photoconductive origin was generated in time intervals of 25-50 nsec.

b~ This field was eliminated by applying the voltage as pulses of alternative polarity. The

T elasto-optically induced loss was shown to have negligible influence when pumping more than

e three times above threshold.

3j The laser mode overlap theory was extended to cover the case of resonators not entirely

o filled by the active medium and the case of time-dependent cavity loss. Comparisons of

: numerical simulations with the experimental results indicate that further refinement of

lmf the theory to include spatially non-uniform gain saturation is necessary.

o Nd:Mg0:LiNbO., single crystal fibers were grown and processed for the first time. Difficul-

> ties associa%ed with growth, annealing, surface granularity, spurious colorations, mounting

O r and end-face polishing were satisfactorily solved. The first successful fabrication of

0l electrodes on a single crystal fiber was achieved. Lasing threshold was not reached in

J these fibers. It was theoretically shown that fiber-cladding should reduce the scattering

W loss by orders of magnitude, thus allowing for efficient fiber lasers.

G Superfluorescence emission in Nd:YAG fibers was studied in optically end-pumped fibers of

i‘§ various diameters down to the minimum diameter available in the state-of-art. Emitted

fluorescence signals of up to 5 mW were observed, at an emission energy efficiency of a
few percent. The signal was typically distributed over a larger number of fiber modes, so
that its coupling to a single mode silica fiber was on the order of 0.1%. This study
clearly points to the need for near single mode active fibers, such as diffusion-clad
Nd:LiNbO3 fibers, to reach superfluorescence threshold.

A miniature, monolithic optical isolator operating at 1.3 um suitable for use with fiber

ST hAN e

4 lasers, and optical fiber systems in general, was designed and constructed. The spectral
e purity of a fiber laser developed earlier under this contract was measured experimentally
Rt with and without the isolator under conditions where optical feedback was present. Spuri-
':) ous sidebands in the output of the fiber laser caused by optical feedback were observed to
:: drop by approximately 50 dB when using thecptical isolator.
ool
o
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3 I. INTRODUCTION

"y

::-.' This is the final report for Contract F33615-82-C-1749, covering the period
' September 17, 1984 to December 31, 1986. It is concerned with both continuous
" wave and pulsed lasers in miniature form which can be pumped with laser diodes,
> ) which operate at room temperature without cooling, and are capable of coupling
13:: . efficiently to standard single mode optical glass fibers. In many cases these lasers
.?:‘ are entirely in fiber optic form.

W The report first describes research on pulsed (Q-switched) lasers in fiber op-
tic form using fibers of single crystal yttrium aluminum garunet (YAG) doped with
:E neodymium. It next covers work on both continuous wave and Q-switched lasers,
‘9' using both miniature bulk crystals and single crystal fibers of lithium niobate
. (LiNbO3). The lithium niobate samples are doped with magnesium oxide to
v,: reduce photofractive damage, and also doped with neodymium for laser action.
; Studies of internal optical modulation in lithium niobate for purposes of internal
‘3’ Q-switching of lasers using this material are described. This work uses the electro-
: optic properties of lithium niobate in both bulk and fiber samples.

I We report efficient CW and pulsed laser action in miniature bulk samples of
s lithium niobate, as was the case for both bulk and fiber samples of yttrium aluminum
: garnet. However, the state-of-the art of lithium niobate fibers is such that we were
s not able to achieve laser action in lithium niobate fibers. The latter fibers are much
" \ more difficult to grow and process in the forms needed for laser work. Although
: the technology of lithium niobate fiber fabrication is advancing rapidly, much of
. it under other auspices in this laboratory, the status reached by the end of this
?:f contract did not allow laser action in these fibers. It is expected that the necessary
2 status will be realized in the near future. This will then allow the techniques for
. both ("W and pulsed operation, deseribed in Section III of this report, to be applied
g directly to lithinm niobate fibers having low lasing thresholds.
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The report next describes attempts to observe superfluorescent emission from

single crystal fibers of necdymium doped YAG. Here the state-of-the-art of YAG
LN fibers comes into play; although it advanced substantially toward the end of the
- contract, fibers of sufficiently small core size together with adequate diameter con-
) trol did not become available in time. The measurements made with the fibers
‘;:f available show the fiber requirements, and the techniques developed will allow these
qe superfluorescent sources to be realized as soon as these requirements are met.

The last section describes a new and efficient miniature monolithic yttrium
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aluminum garnet Faraday isolator for stabilizing lasers used to power fiber optic

CIrcuilts,

-
-

-
Ao

T

% b Ny
5y )-‘ -
L P

)

l'.

o)
*Q‘m

b\ g
L™ ‘l\.{\

¥

e 2

\“
Ll

OO AENE e ! RANERLTg
l‘.‘l.

OO0 QOGS 300 3 NV r b RS TN o S AR W L T RTINS
AR IO RS A I.,.A.:‘d'.‘.i‘.-‘l't‘l.?.r. “\"."‘.l“."‘."‘x"'.~".t".ﬁ" MO AN WL I IR A U e :"«c WS T T AT W Y



- o n e 2

"yl ) LRIy " ﬂ" ' ( SAT A A A
Y ' X .1' “'l“’ "D-" "* .E'..‘w '. . X !'l.; ."( J'\' g ﬂ@h\ 5" b, .‘q. 0 W\ J(. ‘.'I.! ! ’ P G‘l"‘a ‘a' 'b. 'l‘q O l‘ )

II. FIBER LASERS USING Nd:YAG

A. Introduction

In previous segments of this contract Nd:YAG fibers have been studied exten-
sively as continuous wave guided oscillators operated in the near-infrared spectral
range. Over a period of several years theoretical and experimental investigations
have led to the development of laboratory models of CW fiber lasers exhibiting
output power and efficiency characteristics well beyond initial expectations. At the
outset of the contract covered by this report iasers were routinely operated at either
1.06 gm or 1.32 um with several tens of milliwatts of output power and excitation-
to-signal energy conversion efficiencies in the 30 to 80¢ range. A variety of pump
sources have been successfully implemented to excite these fibers, including single
stripe laser diodes, demonstrating the potential of Nd:YAG fiber lasers as miniature,
self-contained coherent sources.

For obvious reasons it was decided that a natural extension of this work would
be the demonstration of Q-switched fiber lasers. This issue was addressed in the
previous part of this contract in the form of a detailed feasibility study. This study
provided a theoretical prediction of Q-switched pulse characteristics, as well as the
identification of two basic Q-switching schemes compatible with the compactness
of a fiber laser cavity.

A typical fiber laser cavity was made of a short Nd:YAG fiber with polished
and antireflection coated ends, placed between two flat laser mirrors. Each mirror
was mounted on a gimbal mount for cavity alignment purposes. The fiber was
excited with the beam of a pump source (usually a tunable dye laser) focused into
the fiber through the back mirror. The first, and simplest, Q-switching method to
implement in a fiber laser was mechanical modulation of the optical alignment of one

of the cavity mirror<.in a manner analogous to the rotating prisin method. In this

IQ‘ ‘




scheme one of the mirrors was mounted on a vibrating assembly, which provided
a periodic modulation of the mirror angular deflection in a direction perpendicular
to the cavity optical axis.

The second Q-switching method was a passive scheme which involved the
introduction of a thin film saturable absorber in the cavity. As is well known .
from standard Q-switching theory,the intensity dependent optical transmission of
saturable absorbers is such that they can lead to the generation of very short Q-
switched and mode locked laser pulses.

This and the following section of this report present the results of experimental
investigations of these two Q-switching methods, applied to Nd:YAG fibers at 1.064
um. A short summary of the status of single crystal fiber growth and preparation
available during this contract is first presented below as background material for

the reader.

B. General Status of Crystal Fiber Development

1. Crystal Fiber Growth

The single crystal fibers used in this work, as well as in other work reported in
this report, were grown by the laser heated pedestal growth technique. The principle
of this technique is outlined in Figure 2.1. A fiber is grown from a melt, produced
from a source material heated by a CW COg laser. The source material (crystal or
amorphous) is a small (~ 1-3 em) cylindrical rod, onto which the COg laser beam .
is focused to form a melt zone held onto the source material by surface tension. An
oriented crystal seed is dipped into the melt, then slightly pulled to form a molten
zone of suitable shape. The seed (fiber) is then drawn at constant speed from the
melt, while the source rod is moved upward to feed material into the melt. During
growth the equilibrium shape of the melt exhibits the characteristic shape shown in

Figure 2.1. The ratio of the source to fiber translation rates determines the ratio of
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Figure 2.1--Schematic Diagram and Corresponding
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o their diameters through mass conservation. For stable growth, the fiber pulling rate
0!'
i is usually chosen to be on the order of one millimeter per minute, with a diameter
~ reduction of three to one.

~I

Ny During the course of this contract two crystal fiber growth stations developed at
‘"

: Stanford University under partial Air Force Force support were available. The first -

one has been extensively described in previous interim reports. The second station

N o
A

£ was developed at a later time under Professor R. L. Byer's supervision. This second
o . . . . .
generation station incorporated the basic features of the first station, together with
. > a number of significant modifications which contributed to improvements in crystal
o fiber quality. This second station, with few exceptions, was therefore used for the
o q y p
K0 :
generation of the fibers reported herein.
“ It is known! that waveguide loss may arise from optical scattering produced
<
. by fiber diameter variations. Tn order to achieve a constant diameter fiber, a stable
o
fiber growth condition must be achieved, in particular excellent mechanical stability,
o]
\ constant source and fiber translation rates, stable laser power and symmetric heat
-
>N distribution in the melt zone. The second generation station was designed to better
)
mect these requirements, with a view towards producing fibers with greater diameter
i - . . . .
‘ stability. The heat source is a 15 watt polarized waveguide COg laser exhibiting
1 . .
q power fluctuations of less than 176. An electro-optic modulator (EOM) controls the
¥
.‘. . .
input power over a dynamic range greater than 100:1. An optical system focuses
-C'_" the laser beam onto the fiber with a 360° symmetry (to ensure a symmetric heat
N
5% T . . . . 1
v :: distribution) using a set of reflective axially symmetric components. The focal spot
¥ [
' size can be as small as 30 microns to make the growth of small diameter fibers :
t.. possible. The fibers are translated parallel to themselves using a motor-drive belt
-
- and drive systern. The diameter measirement system implements a non-contact
! ' M. J. F. Digonnet, C. Gaeta, D. O'Meara, and H. J. Shaw, “Clad Nd:YAG Fibers for Laser
:: Applications.” IEEE Journal of Lightwave Technology, 5, 5, 642-646 (May 1987).
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interferometric principle to measure the fiber diameter just above the melt zone,
and provides a measurement resolution of 1 part in 10®. The diameter control
system sends the diameter information to an electronic system, which provides an
error signal to adjust the motor translator speed.

To grow Nd:YAG fibers the original material is a Nd:YAG rod (with 196 Nd)
which is cut from a bulk cyrstal, then ground on a centerless grinder to a 400 u
diameter rod. Rod diameters are rather uniform, with variations less than 3.0%%
along a one inch length. In order to avoid contact between rod surfaces and the
driving belt, the rods are usually mounted in a glass capillary (41 mm length, 500
pm inner diameter tube) to make them translate more smoothly through the belt
drive system.

Good quality seed fibers must be chosen to initiate the growth, whose orien-
tation is <111>. Because of details of the operation of the diameter measurer,
setting the angular orientation of the seed in the right position is essential and
often takes several attempts.

Fiber diameter stability is a function of the diameter reduction between the
source rod and the fiber, the molten zone size and the material being grown. Large
diameter reductions yield oscillatory fiber diameter variations which ultimately
terminate the growth. However, small diameter reductions increase the number of
growths to attain a small diameter fiber. A suitable compromise for the reduction
ratio is 3:1. For Nd:YAG the growing speed is chosen to be 0.5 to 1.5 mm/min.
Other factors that influence the diameter stability are the incident laser power and
the heat distribution stability of the molten zone. For this purpose the laser water
cooling temperature and room temperature were kept constant to 0.1 °C and 0.5
°C, respectively. Once the fiber growth is initiated, the voltage applied to the E.O.

modulator is adjusted to maintain the laser power at the same level.
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15 2. Fiber Cladding
WS
o Diameter variations perturb the waveguide and can lead to mode conversion in
f.‘\ the fiber and conpling to radiation modes.2 Both mechanisms contribute to a higher
&
b loss in the fiber. Decreasing the index difference between the single crystal fiber and
oy the surronnding material can reduce this effect. Placing a cladding material around
o
) . . . . .
K3 the fiber with an index close to but less than that of the core will accomplish this
K-
™ objective. The other purpose of a cladding is to decrease the number of guided
§ modes that the fiber can support for a given core radius.
VJ-:
a8 The problems of providing single erystal fibers with a suitable cladding have
o
r been addressed for some time under support from Litton Systems, Inc. Efforts have
N been fooused mosth on Nd:YAG and LiNbO3 because of their practical importance.
P
> For NEYAG both sputtering and extrusion methods have been examined for the
o
f.: aeposition of Il index glasses. As described in detail elsewhere, the latter was
. very suceessful loading to mechanically strong cladding layers and a ten fold loss
P )
reducnion. An alv roative method s diffusion, by which chemiceal ions are diffused
)
A in the ervstal filor anter Inver so as to reduce the core radius and produce a lower
“ inlex onter recion. In LiINLOg, the proton exchange and MgO doping by diffusion
's
o+ . . . . .
» are promisig techiiques to achieve step or graded index cladding, and are now
R W
" . . . .
e under study und-cother contracts. DiTusion techniques have not yet been applied
e to N YA
-
A Some of the NEYAG fibers reported in the following were elad with high index
™ chvs umder o cortinet with Littan Sy-tems, Ine.and made available for use in the
. g~ v . . 4
- present program. The glass was deposited onto the fibers using an extrusion process,
- which provided 50-250 jom thick cladding layers. The glass material used was 1A
=
a SE30. vielding a step index profile with a step of approximately An = 0.045.

2D Mareuse, “Therty of Iielectzic Optieal Waveguides,” Academic Press, 1971.




o
e
e
.‘:‘:*\
2 3. Fiber Polishing
8
.'w Prior to optical characterization all fibers had their ends polished by standard
“:E mechanical means. In the course of this contract the method used to mount the
:; fiber during the polishing operations was slightly altered to improve end quality. To
) improve fiber stability the fibers are bonded individually (as opposed to arra:s, as
. ,,: done in earlier days) into a close fitting glass capillary. To minimize the amount of
E::.: (soft) adhesive surrounding the fiber, and thereby facilitate the polishing operations,
* the tube inner diameter was chosen to be only one or two mils (25 to 50 gm) larger
""{: than the fiber diameter. For sub-80 gm diameter fibers, the fiber insertion into
1 3
::,,EJ the capillary tube was generally difficult. One of the capillary openings was thus
slightly widened with a controlled chemical etch in hydrofiuoric acid. The capillary
::: tube was held above a plastic rack into which enough HF was poured to reach the
j bottom of the capillary. For 3 mil and 2 mil capillaries an etching time of one and
; » two hours, respectively, was adequate to obtain suitable openings. This method
‘ greatlv improved the process reliability by preventing the fiber from accidentally
-
:::‘_ breaking during insertion.
\ A UV-curing adhesive was used 1o bond the {iber in the capillary tube. These
:CEE adhesives are harder than traditional adhesives such as wax, which is helpful in
:f:a the polishing process. Capillary action was generally not strong enough to pull the
. adhesive into the tube. The fiber had to be mserted in and out of the tube several
N;J:E times to feed the adhesive inside the tube. The epoxy was hardened by a 20 minute
; exposure to UV light, at which point polishing could he inttiated. Standard grinding
:,—: ' and polishing techniques were used for this purpose which provided smooth fiber
E:".:: erd faces with typically better than M/4 flatness and regular fiber edges.
~
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.' 2 C. Mechanically Q-switched Fiber Lasers
'E
'! 1. Theoretical Considerations
>
.‘ F‘: As described in the introduction, mechanical Q-switching of a single crystal
) fiber laser cavity involved the mechanical modulation of the optical alignment of
[0
o
{‘ {j one of the cavity mirrors. For this purpose one of the mirrors vas mounted on a
B
Wt vibrating assembly. This assembly provided a temporally sinusoidal modulation of
Lot
- the mirror angular deflection with respect to the cavity optical axis. The vibration
. '
‘ axis was therefore perpendicular to this axis. Only twice during each cycle was the

mirror truly aligned with the cavity axis; this position corresponded to the minimum

»
- r
_4??

o cavity loss. The generation of a Q-switched pulse occurred when the mirror was in
::'.é the vicinity of this low loss position. During the remaining of the cycle the cavity
b ‘.\‘
5:: loss was high and the population inversion was allowed to build up for the next
'. pulse.
oy
-Pt' Assuming that the mirror is properly aligned when the angular deflection of
1., the mirror is zero at time ¢ = 0, the motion of the mirror may be described by
L B
J
R
4‘5 ¢ = Gmazsin(2m ft) (2.1)
o
U . . . . .
‘ where é,nq, is the maximuin angular deflection and f the vibration frequency.
jl Under the condition that oscillation starts to occur when the mirror is aligned
o
A : . . .
':‘cﬂ- to within 8¢ of the condition ¢ = 0 for perfect alignment (and minimum loss), the
i
; switching time 6¢ (from the off to the on state) is approximately given by
Y,
4 L]
L »
;‘5 &t = ¢ 1 (2.2)
M Bmaz 27rf
:::! where we made use of Equation (2.1) assuming that ¢ is small.
S
:::" In order to assure that only a single pulse is generated, the vibration frequency
2,
(N
o
o4
e 10

o f.ff’t'l-‘-"-'
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must be high enough so that the mirror does not remain aligned much longer than
some maximum time interval Al,,. This sets a lower limit to f through Equation

(2.2):

0¢ 1

¢mdl 2”Aton (2‘3)

° fmin =

A second requirement is that there be enough time between the on states (¢ =
0) for the population inversion to build up to near its steady state value. For quasi-
cw pumping to be realized the time between on states must be at least equal to the

upper laser state lifetime 7, so that

1

= 5= 2.
f"ld! 21'!' ( 1‘

There combined requirements restrict the practical vibration frequency range
to
oo | |

b6 1 1 5
Binaz 27 QLo ! S 27/ (2:5)

Past experience with mechanically chopped Nd:YAG lasers indicates that a
switching time on the order of Af,, = 5pusec is enough to generate a single Q-
switched pulse, while cavity alignment normally needs to be achieved to éo = 0.1°.
Also, the commercial vibrating mirror used in our experiments has a maximum

angular deflection ¢,,,, = 2°. This yields a minimum frequency requirement f,.,,

= 1.6 kliz. The maximum frequency limit, taking 7, = 236psec for Nd:YAG, is
fmaz = 2.2 kHz. These approximate figures show that a frequency in the range of
1 to 3 kHz should be adequate.

For a typical mirror of dimension [, along a direction perpendicular to the

rotation axis, positioned at a distance d,, away from the end of the fiber, ¢,,4,

must be bounded according to




I.
0"'
v"v
L1y
'. ,
.1 2d,,
_ Omaz < SIN l—— (26)
a:' "
NJ
} so that the mirror will not come in contact with the fiber mounting jig at maximum
."
\,' deflection. In our fiber lasers, the mirror has a transverse dimension of 1 mm and
:‘»'.
f:' ‘ is located at least 20 pum from the fiber end-face. Equation (2.6) indicates that the
,: maximum deflection of the mirror must not exceed 2.3°.
I‘i‘l
The above considerations led us to select a commercially available resonant
i . . . . . . .
vibrating assembly with a 2° maximum deflection angle, and a vibration frequency
."‘ of 2 kHz. In this unit the vibrating element was a small torsional rod onto which
e
", . . o
' the mirror was bonded. The entire assembly was small, about 5 cubic inches, and
_, very light, and was easily mounted on an asjustable tilt micropositioner for cavity
" alignment purposes.
o
e 2. Experimental Arrangement
B
;-E In the following the fiber laser cavity was made of two flat mirrors (2 X 2 X
\
N
" 0.5 mm) mounted on gimbal mounts, between which the fiber was positioned with
‘::.' a 4 axis micropositioner (2 rotation and 2 linear axes). The back mirror was a high
B
:..:! reflector (R > 99.59¢) at the signal wavelength (1.064 pm), while the front mirror,
Uk
through which energy is extracted from the cavity, had a transmission T} >~ 0.65%%.
:_') In mechanical Q-switching experiments the back mirror of the Nd:YAG fiber
o
o laser was mounted on the torsion bar of a torsional optical scanner. The other end
oo
¢
." of the torsion bar was fixed. A moving iron armature located near the fixed end
L]
j excited the rod so that resonance occurs at some natural frequency. In this scheme
]
*t: the frequency was fixed at around 2 kHz. The scanning assembly was mounted on
a a tilt stage for mirror alignment purposes.
;-:Ij Unless otherwise specified, an argon ion laser tuned to 0.5145 pm served as a
N
:::: pump source. The pump beam was focused onto the fiber through the back mirror

TN '{_‘- ‘;
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¥
: with a single lens. The output signal from the fiber laser was filtered to eliminate
; the unabsorbed pump light, then sent onto a silicon detector. For ew measurements
K a large area calibrated EG&G model 550 power meter was used. For Q-switched
pulse characterization it was replaced by a small area reversed bias (- 60 V) Si
{
; . detector with a 0.5 nsec rise time, followed by a 40 dB amplifier and a storage
: oscilloscope. In this case the laser output was focused onto the small sensitive area
'g to detect all the emitted photons.
. Alignment of the mechanically Q-switched cavity proceeded as follows. First,
é the fiber laser was aligned under ¢w pumping conditions, with the optical scanner
turned ofl. For this purpose the argonlaser beam was amplitude modulated with a ~
( 25 kHz mechanien! chopper to reduce its duty cycle (to 3.4%), thereby eliminating
the danger of damaging the epoxy surrounding the fiber during initial alignments.
. After observing quasi-ew laser oscillation, the oscillation threshold was lowered to
o acceptable levels for ew pumping operation. The chopper was then turned off and
,) the cavity further optimized under ew pumping conditions. At this time the back
)
3: HR mirror tilt anale was modulated horizontally using the torsional optical scanner.
. 3. Test Iibers
¥ The fibers tested in the meehanically Q-switched mode included the four fibers
,' of Arrav No. 17, numbers 17-1 through 17-4, and Fiber No. 23, The fiber charac-
3 teristios are Teted in Table 2.1 Array No. 17 contains fibers elad in epoxy, while
’ ’ Filer Noo 230 the first LasEF30 glass clad fiber which was suceessfully brought to
. CW oncailation. As mentioned elsewhere in this report. these elad fibers were clad
: under programs funded by other auspices, which made these fibers available to this
N
< contract for it own investications, Also listed 1in Table 2.1 are the characteristies
K.
. of & bulk Nd:YAG sample tested for comparison purposes. In the bulk laser the
> front nirror was replaced by a 5 em radius of curvature mirror to make the cavity
L)
[
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Table 2.1

Nd:YAG Fibers Tested as Mechanically Q-switched Fiber Lasers

B Fiber Diameter (pm) Cladding ¢ (mm)
Array No. 17 170 Epoxy |
No. 23 135 LaSF30 Glass o
Bulk | 2000 X 2000 __Air |75 |

optically stable.

4. CW Laser Characterization

Prior to the Q-switching experiments, data were taken for each fiber laser
as well as for the bulk laser under cw pumping, non Q-switched conditions. As
described elsewhere, the characteristic output curve (output power P,,, versus
absorbed pump power FP,;,) of these devices grows linearly, with a conversion slope
efficiency s, above a threshold pump power P,;. The output beam of all cw lasers
was found to have a clean, Gaussian intensity profile, indicating that the lasers were
oscillating on the fundamental mode (TEMgo for the bulk laser, and LPg; for the
fiber lasers).

Although Nd:YAG fiber lasers have generally very good characteristic curves,
with slope efficiencies in the range of 1096-509 and thresholds as low as a few
mW, the fibers tested under this part of the program yielded fairly poor results.
Their thresholds were somewhat higher (10-40 mW) than optimuimn, and their slope
efficiencies on the order of 1/4 to 2. As we shall see later this situation had a
strong bearing on the Q-switching results. No attempt was made to correct this

sitnation to enable research efforts to move on to the potentially more appealing

passive Q-switching scheme (see Section 1.B.).




5. Experimental Characterization of Q-switched Lasers

5.1 Fiber Lasers

Mechanically Q-switching fiber lasers were successfully achieved for all the
samples listed in Table 2.1. As predicted by theory, the threshold of oscillation
under Q-switching conditions was found to be approximately the same as that under
CW conditions. As anticipated, the relatively slow loss modulation offered by this
type of switching led to the generation of more than one pulse. A certain amount of
pulse-to-pulse jitter was also found to be present, as the time of onset of the train
and the exact distribution of energy among the pulses were sensitive to the small
fluctuations in the pump power and in the scanner speed. This jitter was eliminated
from our measurements by storing single sweeps on the oscilloscope.

We show in Figure 2.2 a typical train of output pulses obtained with Fiber 17-1
pumped about 5 times above threshold. The first, left-most pulse in the figure is
the main pulse. It is the most stable and carries the most energy. The number
and amplitude of the secondary pulses, which varied slightly from shot-to-shot,
were pump power dependent. The pulse repetition frequency was about 3.8 kHz
(corresponding to T = 265 psec between pulses). The oscillation frequency of the
torsion bar was around 2 kHz but since it passed through the rest position (high
laser cavity Q position) twice during each cycle, the loss modulation of the laser
cavity occurred at twice this frequency.

The main pulse was further expanded in Figure 2.3. The full width at half
y maximum power (FWHM) is approximately 73 nsec for this pump power level. Using
a standard triangular approximation, the pulse width At, defined in the theory as
the full width of the base of the triangle fitted to the pulse, is Af, >~ 140 nsec.

Let P be the average power emitted by the laser. If all the energy of a pulse

train was contained in a single pulse, the peak power of that pulse would be
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Figure 2.2--Q-switched Pulse Packet from Fiber
No. 17-1 Pumped Five Times Above
Threshold (2 usec/div).
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Figure 2.3--Main Pulse in a Q-switched Pulse
Packet from Fiber No. 17-1 (200
nsec/div).
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oo Table 2.2
g
by
s Q-switched Data for Fiber No. 17-2
- ut,,.(m\\) P (#W) Aty (ns) PWHM ns) ep (mW)’ md,(mWﬁ I (nl) No.]
DA [
" 6.1 1T 214 1 114 4.2 1.1 0.1 15
190 ¢ ! .
o Co85 . T 24 | n4 | 1833 31.6 34 |18
A 131 118 1193 j 03 321.0 | 206 | 29 |28
- 170 176 120 ¢ 71 7231 | 525 | 3.4 |36
o«
R2e
o
f
)
liw' P 2T -P—
= — 2.7
e&p Atp ( )
“h
,:5 where T is the period between pulses. The average power at A\, = 1.064 pm,
B
o . . .
’:::: measured by focusing the laser output into a calibrated Photodyne detector, was
‘. I’ = 82 W If onlv one pulse existed in each pulse packet the peak power would
<
N
-:'_z have been Py = 333 mW'. tHlowever, the actual peak power in the main pulse was
b~
' :;- about 533 mW. This shows that about 17.5% of the emitted energy resided in the
‘ot
N main pulse in this particular situation.
'..‘,‘
“ We show in ‘Table 2.2 the energy distribution characteristics of the Q-switched
)
HW' . - . .
4 pulse tram obtimed with fiber 17-2, which yielded the best results of all tested
h".
- fibers. In this fiber the punip power was inereased up to 17 mW, corresponding
‘.‘.
'f.: 1o 3-5 times above threshold. Assuming a single pulse operation the peak power
N
": varted from 02 W 1o 723 mW oas the absorbed pump power was inereased from
aXa
h 6 1 mW to aboat 17 W The FWHN pulse width was 71 neee at the mavimum
)
R, prump peaer, and the pulse traom energy A7 ndo Actually, a 36 pulse packet was

observed at this pump power level. A peak power of 53 mW (3.4 nJ) was measured
for the min pul-eo Note that only the energy in the main pulse is listed in the

table, not the taral energy.

¢ Fronres 2010 25 and 2.6 plot the evolution with excitation power of three of
3
X the quantities bored in Table 20 namely the average power P.the pulse width A,
PR
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b,
04
LIS
1,
‘n,..q

L I R AR A R T N

o o TS ‘- .”} "\“"y ‘~‘ T e RO )
.. », Ton M N J Ayl‘a'l !20 KN AANANI V0 'l‘-'l“."!'l\;"l.‘




17-2 Pumped at 514.5 nm.

ABSORBED PUMP POWER (mW)

Figure 2.4--Average Pulse Train Power versus Absorbed Pump Power
for Fiber No.
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17-2 Pumped at 514.5 nm.

10
ABSORBED PUMP POWER (mW)

Figure 2.6--Peak Power (in the First Pulse) versus Absorbed
Pump Power in Fiber No.
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:: and the peak power of the main pulse P,,,;. In Figure 2.4, the average power is
“': 4 seen to increase almost linearly with P,;,, as expected. The total energy conversion
w_; effficiency, defined as
a0 P
;' SE = m (2.8)
:f. is equal to the slope of this curve, approximately 0.015, or 1.5%. This figure
;:.., compares favorably with the value of 1.89 measured for the (power) slope efficiency
of this fiber oscillating under cw conditions.
{";; The pulse width (Figure 2.5) was found to decrease with increasing pump
~' power, as anticipated, although details of this curve varied from fiber to fiber.
\-:_:; In principle, as the pump power is increased the pulse width should decrease,
:,S;- then level off at some minimum value, yielding a curve which is concave. The
:;:: discrepancy observed for certain fiber lasers, in particular in Fiber No. 17-2, is
:_:‘_.‘:‘ not well understood, although it is believed that it is related to the low speed of
.\:2: the Q-switching mechanism and the presence of multiple pulses. In the far above
:;:f threshold limit, the pulse width should be approximated by
e
i =12 (29)
.\i where n = 1.82 (material index), ¢ ~ mm (cavity length) ¢ = 3 X 10'%¢m/sec,
_ .,:: and bg is the cavity loss. For typical values of the loss coefficient in the range of
:EE' 0.1-1.0, At, should be on the order of 0.2-2.0 nsec. The values of the pulse width
:. that we measured are two orders of magnitude higher than predicted for a fast
"': ' Q-switching mechanism, which was expected since the loss modulation frequency is
*:":E unusually low in this type of mechanical Q-switch. Clearly, disagreement with our
i }'; fast switching model was to be expected.

The peak power of the main pulse was found to grow nearly linearly with

absorbed pump power (Figure 2.6), as anticipated. However, the absolute value of
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;:}: Table 2.3

Ko

" Q-switched Data for Miniature Bulk Laser

N S | | |

& Pose (mW) | P (uW) | At, (ns) | FWHM (ns) | P., (W) | Pras (W) ] E () | No. |
- %' : T T :

480 | 54 | 79 43 | 036 0.22 8.7 ‘ 3
» - 61.7 189 50 | 29 2.0 0.66 16.5 | 10
\ 773 | 320 48 | 28 3.5 0.95 229 | 14
- 92.0 452 48 28 5.0 1.1 | 264 | 17
v

) the peak powers generated with this (and other) fiber lasers is much smaller than
k.l

- expected from our model. Again we believe the fact that a slow Q-switch was used
--:J‘

.-::; is responsible for this situation. This problem will be further addressed in a later

section.

50

’\J.

o 5.2 Bulk Laser

>

;' Tests of the mechanically Q-switched bulk crystal laser were performed by
"’ placing the crystal (see Table 2.1) in the same cavity, after replacing the output
o

,\'j coupler by a curved mirror. The radius of curvature of this mirror (R = 5 ¢m) and
2

the pump mode size (W, , = 20 pm) were chosen to minimize the laser threshold
(within the range of reasonable parameters) following a theoretical model developed

under earlier phases of this contract.

. ] »
LN "_-" .(f’ L“g“l.":": '-‘, U

Experimental Q-switching results for this miniature bulk laser are shown in

Table 2.3. The parameters are the same as in Table 2.2. With this crystal, peak

- powers were increased to the order of watts. This is due in part to the fact that
Cd
' Y
, higher pump power levels {by a factor of about 2) were used for the bulk crystal.
"~
N Pump power for the fibers was restricted to lower levels to avoid any possible damage
to the mounting epoxy or to their softer AR coatings. Pulse energies are in the nano
-
X
-, . . ,
= joule range, similar to the fiber lasers. For 92.0 mW of absorbed pump power the
o energy of a typical pulse packet was close to 120 nJ. If this had all been emitted in
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g a single pulse, the peak power would have been 5 W. Since there were actually 17

'i’: pulses in this case the peak power in the main pulse was 1.1 W corresponding to
ﬁ;} © about 26 pJ. The FWHM for this pulse was 28 nsec.

i Both the average power P and the main pulse peak power Py, exhibit a linear
,‘,-)' growth with absorbed pump power, as shown in Figure 2.7. From the average
;:é power dependence, the energy conversion efficiency is calculated to be 0.009 (0.9%)
EE;:,» compared to 0.0111 for the cw mode of operation. Pump power absorbed at
‘ threshold for this laser was 39.2 mW in the Q-switched case. The pulse width
::::‘ variation with pump power is found to be highly nonlinear, leveling off at At, = 48
Sﬁj: nsec for large pump powers (FWHM = 28 nsec), as illustrated in Figure 2.8. This
‘ curve shows that the pulse width has apparently asymptoted to its minimum value

‘E-i of about 48 nsec (28 nsec FWHM) and cannot be further decreased by increasing

.::_) the pump power. Note that the curve is directed concave up; it may suggest that

H " in some fibers a mechanism other than slow switching may have been responsible

“f‘z for the different dependence of Af, on P y,.

2

ﬂ: 5.3 Analysis

;._-‘f A comparison of the data obtained for the fiber lasers shows that some per-

Es.g formed better than others even for fibers of similar diameter, in terms of hoth peak

:' .' power and pulse width performance. There was a one to one relationship between
:_ the laser peak power and its threshold, showing that the peak power was propor-

:{E tional to the cavity loss of the laser. The same conclusion was generally true for

§ the laser pulse width. The lowest loss fibers (17-2 and 17-4) and the bulk laser
i‘ exhibited energy conversion efficiencies of the same order of magnitude, while the
'; fiber lasers exhibited ~ 5 to 10 times lower thresholds than the bulk laser. This
. 3 observation is in agreement with theoretical predictions: bulk and waveguide lasers i

i have similar efficiencies but the waveguide type exhibits a lower threshold due to a
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ENERGY vs PUMP POWER
PUMP POWER INPUT INTO CRYSTAL (mW)
ABSORBED PUMP POWER (mW)

Power for the Bulk Laser.
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Figure 2.7--A Plot of the Average Output Power versus Pump
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tighter confinement of the pump signal fields over the length of the laser material.
This indicates that peak power on the order of watts can be obtained with the
present fiber sample. This was not done with the argonion pump laser in order to
avoid damaging the fibers prior to testing them at A\, = 0.808 pm.

In general, it can be said that the output pulses of both fiber and bulk Q-
switched lasers had the anticipated average power, which was compatible with their
internal loss measured by independent means. What differed drastically from what
was expected on the basis of traditional, fast Q-switching, was the distribution of
this energy along the time scale; we observed multiple pulses with comparatively
low peak power and large width. To provide a quantitative as well as qualitative
confirmation of this situation, a computer model of slow Q-switching was developed,

as detailed in the next section.

5.4 Slow Q-switching Model

As mentioned earlier, the type of mechanical Q-switching that we used is
inherently slow, on the order of a few kHz, largely because of a high frequency
limit imposed by the large lifetime of Nd:YAG upper laser state. Because the cavity
loss does not drop (from its high to low value) fast enough, the initial population
inversion (time t = 0, high loss) is not very far above the final population inversion
(time t = t;; =~ At,) prevailing at the end of the generation of the pulse, since
Aty is much shorter than the on-off switching time. Therefore (1) the first pulse
does not extract much energy from the laser medium, and (2) at the end of the first
pulse the conditions are right to support the generation of a 2nd, 3rd, ete. pulse.

To evaluate to what degree this mechanism was responsible for what was
observed, we developed computer software to model slow Q-switching and applied

it to the miniature bulk laser. A computer program, originally written to model Q-

switched fiber lasers in which the switching occurs much faster than the pulse width,
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hh
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T
o Table 2.4
3
- Measured Versus Theoretical Results for the Bulk Laser (1°° Pulse)
\‘ \ »
b l\' 4-'_-; [ - = A S
};‘-_\. (;)abu (m“ﬂ 6ﬂppeak,mea3. (mwv)[Pgeak,theory (AmAW)ﬁégmeﬂ.([{Sff‘)réitp,tbegry (nsec)| I
; 10.147) 220 220 79 | 104
) 0.185 660 666 50 53
P t- - = -t~ — 1 e
o o3| ess | et | 48 | 40
o 0.274 1100 1100 48 34
Vl:::. T
A
was modified to step through the burst of pulses in a Q-switched pulse packet. This
:’,‘5’ was achieved in two steps. First, the initial inversion for the first pulse was assumed
>
: to be that given by the pumping level. The loss factor §y was then adjusted to yield
‘el
)("'b
a value of the peak power in the first pulse corresponding to the measured value.
"‘l"
e Second, the pulse width was computed using this value of the loss factor  and
o
? 3 compared to that obtained experimentally.
Vel
o As an example, the miniature bulk laser pumped at P, = 61.7 mW emitted
0. '.‘
',::": a train of 10 pulses, with a main, first pulse peak power of 660 mW (see Table 2.3).
Bl
:"0:" To match this peak power value the computed loss value was 8§ = 0.185, from
D)
i
J which the computed pulse width came out to be 53 nsec. This is in good agreement
b,
.\:: with the measured value of 50 nsec, and in order of magnitude agreement with the
e
2-; loss factor inferred from slope efficiency measurements (8o = 0.48). This model was
D™
o found to predict the pulse width to better than 25% for all the data points taken
N3
:"': with the bulk laser, as shown in Table 2.4.
(" -
}'E An important point to make is that the loss factor varies with the pumping
( T level (and therefore differs from the threshold value at P,;, = 0), as expected. As
o
7 the pump power increases the first pulse occurs sooner, and its duration is shorter,
~j so that it experiences a higher average loss. This is in agreement with the general
o
s
T trend in the computed values of & (see Table 2.4).
N0
>
fs'.'_g Once the parameters have been obtained for the first pulse, analogous sets of
!. '
‘;:n ;
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parameters may be obtained for subsequent pulses in much the same way. The only

difference is that the initial inversion level to be used in the calculation is set equal
to the final inversion of the previous pulse. The loss factor of the next pulse is then
varied until the peak power corresponds to the measured value. A calculation is
then made of the pulse width to complete the pulse characterization. This process
is iterated to the n'® pulse, such that the initial population inversion for the (n +
1)*" pulse is below the threshold value.

This approach was used to analyze the sequence of pulses obtained from the
miniature bulk laser at four pumping levels. As the pump power was increased the
number of pulses increased from 3 to 17 (see Table 2.3). A plot of the variation of
the peak power from the first to the last pulse computed for each pumping level
is shown in Figure 2.9. The general calculated behavior is in good agreement with
what was experimentally observed, namely a 0.5 to 1.0 usec time interval between
pulses, and a generally decreasing, non-monotonic peak power distribution along
each pulse train.

An analogous plot of the pulse widths is given in Figure 2.10. Here it is noted
that the pulse width for the first pulse decreases with increasing pump power while
that of subsequent pulses in a pulse train generally increases but not monotonically.
For the highest pumping level the pulse width increases from below 50 nsec to just
under 300 nsec for the last pulse, although most of the pulses (except for the last
few) have pulse widths under 150 nsec. Again the behavior is in broad agreement
with experimental observations.

The behavior of the calculated loss factor is shown in Figure 2.11. At a given
pump level the loss decreases monotonically toward a minimum value. As explained
earlier, this behavior was expected. When the first pulse is generated, the moving
mirror is on its way toward, but not at, minimum deflection (where the cavity loss

will be minimum); the loss experienced by each subsequent pulse is therefore smaller
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2.9--Peak Power for Multiple Pulses of a Miniature Bulk

PEAK POWER EVOLUTION FOR BULK LASER
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than that experienced by the previous pulse.

As mentioned earlier, as the pump power is increased, the first pulse, and all
subsequent pulses, are generated sooner, i.e., when the mirror position is further
away from zero deflection, and experience higher losses. This is in general agreement
with the theoretical model prediction (see Figure 2.11). Furthermore, because
the pulse train starts sooner along the mirror deflection, the pulse peak power is
expected to be lower than predicted by the theory (which assumes a constant cavity
loss as the pump power is increased). The duration of the pulse, on the order of
8 psec here (see Figure 2.11) is very small compared to the vibration period of the
mirror (about 500 pusec), which shows that the pulse train is emitted very near zero
mirror deflection. The minimum value is on the order of about 5% for the highest
pump power used in contrast to the cw measurement of about 22%. This may
be due to the relatively poor alignment tolerance of the tilt stage used to initially

orient the mirror scanning mechanism.

6. Conclusion

This study of mechanical Q-switching in Nd:YAG fiber lasers has led success-
fully to the first generation of Q-switched pulses in a single crystal fiber device.
Because of the slow nature of the Q-switching mechanism involved, the observed
outputs contained a train of many pulses, as opposed to the single pulse expected
with a fast Q-switch. In the best of the tested fibers it was found that 10-20°¢ of the
emitted energy was contained in the main (first) pulse. When the excitation level
was three times above threshold, the main pulse width was about 70 nsce (FWHM),
while its peak power was on the order of 50 mW. The dependence of these various
quantities on the pump power level were in general agreement with theory. In par-
ticular, the average power of the pulse train agreed well with the value of the fiber

laser cavity loss measured independently under CW conditions.
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9
: Similar measurements with an unguided bulk Nd:YAG laser yielded similar
f;‘ results, except for higher peak powers (up to 1 watt) and shorter pulse width (30
“: nsec for the FWHM of the main pulse), primarily because this device was pumped
. much further above threshold than the fiber lasers.
‘;' For both fiber and bulk lasers, it was found that the energy temporal distribu- 4
K, tion within a pulse train was much different from that predicted by theory for a
standard Q-switched device. A slow Q-switch model was therefore developed to
confirm our observations. This model was found to predict the observed pulse
" behavior very well, in particular the multiple pulse generation and the broader in-
5. dividual pulse width, as well as the temporal evaluation of the cavity loss as the
; mirror is scanned near zero deflection.
\' The measurements reported in this section were unfortunately made with less
'.Ej than ideal fibers, which exhibited propagation losses somewhat higher than the
lowest losses observed at the time this study was made. They showed nonetheless
‘; that the fibers were able to support the generation of Q-switched pulses, although
‘::: it is clear that new generation fibers would probably yield better results.
e D. Passively Q-switched Fiber Lasers
&
;' 1. Theoretical Analysis
y As outlined earlier, passive Q-switching of a Nd:YAG fiber laser involves the
:E% incorporation of a saturable absorber at the signal frequency in the fiber laser cavity.
\‘. A simple implementation of this approach compatible with the compactness of the
;' cavity is to use a thin film of saturable absorber held by surface tension between |
X one of the mirrors and fiber ends. When the cavity is cold, the saturable absorber is
f. initially opaque to the signal; the cavity loss is high (the cavity Q is low) and laser
::; emission is impeded.
:."' As the pump is applied to the fiber laser, in an end pumping configuration,
..
)
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and the pump power level is linearly and slowly increased, two phenomena occur.
First, the gain in the cavity increases, at first and for a wide range of pump power
in a linear fashion (see Figure 2.12). Concurrently, an increasing fluorescence signal
travels through the fiber. The cavity loss experienced by this signal arises from two
terms. The first one is the round trip loss 8y, due to all cavity loss mechanisms .
except for the absorption of the dye at the signal wavelength. The second one, 8,
is the absorption due to the saturable absorber dye, related to the dye absorption

coefficient a and the film thickness ¢ by

6 = 2at (2.10)

As the saturable absorber absorbs the forward traveling fluorescence signal, its
absorption coefficient a decreases, and so does the total cavity loss 8, = 6 + 8, as
indicated in Figure 2.12.

Intuitively, it is clear that the number of signal photons in the cavity does
not start increasing significantly until the cavity gain approaches the value of the
total loss 6,. At this point the absorbed pump power has reached the Q-switching
threshold value Pgpe min. as shown in Figure 2.12. From this moment the signal
intensity increases inside the cavity, and is helped in its growth by the drop in the
thin film loss 8 arising from the saturation of the dye absorption line it causes. This
is illustrated in Figure 2.12 by a sharp drop in the total cavity loss in the vicinity
of Pypo.min. as a sharp signal pulse is emitted by the laser cavity. .

The dye which was selected for our experimental investigations of passive Q-
switching in Nd:YAG fiber lasers using the principle outlined above is Eastman No.
114015, also referred to as BDN. It is a multilevel saturable absorber, which may
be modeled using a four-state energy level diagram, as shown in Figure 2.13. No

fluorescence at infrared wavelengths was reported from this dye which implies that

the steady-state population of levels 3 and 4 are nearly zero (r30 < 740 << 7). The
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A steady-state populations in levels 1 and 2 are found from the following <ot of rate
" tions:
« equations
ey
A"
e /
o Ni=Np(l+ —)! 20
v le
‘i
< I
Y
T No= Np—(1+1/1,)"" (2 12)
~ 1,
>
. where Np is the concentration of BDN molecules in the solvent. [ s the forward
f_: optical intensity incident on the dye, and I, = hv, /o7 1s the saturation mtensity
¥
'J of the absorption line from the ground state. It can be shown from these equations
- that the total absorption coefficient at frequency v, is given by
e l+n}
N a = ~ (g 2.13)
) 1+ |
q
& where n = 0./04 and ag = Npo, is the unsaturated absorption coeflicient. Here
«' oy and o, are the absorption cross sections for the 1 — 3 and 2 — 4 transitions,
respectively. At A = 1.064pm, the values for these parameters provided by the
b manufacturer are o, = 1.94 X 107%cm? 0, = 2.3 X 1077 cm? and I, = 9 X
; N 10°W /em?. The unsaturable absorption loss is § == 12% and the relaxation time
A
“ 7 = 1.1 nsec.
. . . .
O Superfluorescence studies reported later in this report have shown that the
2
b+ order of magnitude of the fluorescence signal intensity traveling in a Nd:YAG fiber
" end pumped at even relatively high levels is small compared to the saturation
; intensity I, of BDN. As an example, in a 40 gum fiber pumped at 200 mW, the
Vo . L
% fluorescence intensity is on the order of 1 kW /em? (compared to almost 1 MW /em?).
b
P
& For all practical purposes it can therefore be assumed that the total cavity loss 6
- in Figure 2.12 is independent of pump power (up to Pgpe min)-
2 Just before the Q-switched pulse 1s emitted, the population inversion n;, may
v
¥
e
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105 be written as
L
\"j ong,
’:‘.: 2 = 6; + 6o (2-14)
. -.$ Aesr
S .. .. . . .. .
\, where o is the laser transition emission cross section, n;, is the population inversion
<)
‘.»; in the active material, A, is the fiber effective active area, and 6y = 2aot. Because
; i‘\. . 6 does not depend on the pump power level, the population inversion prevailing when
%
L the pulse is emitted is uniquely defined by Equation 2.14. The major conclusion

of this observation is that the pulse characteristics, such as width and peak power,

which depend only on the population inversion at the time of emission, does not

W

b)

:::!. depend on the pump power level, but only on the total loss 8; = 8¢ + 6. This point
®

o is very important. It stresses a fundamental difference between the present device

1h
o

&j{ and traditional Q-switched lasers, in which the cavity loss can be modulated by
N
20 some externally controlled means ‘ndependently of the pump power level. In this

. o~ passively Q-switched laser the pulse is emitted when the pump power has reached

i

;: a given value, function only of the fiber loss. For a given device, the only way to
=
'\. 0 . -

L change the pulse characteristic is therefore to change the saturable absorber cold

J :
loss &g, i.e., its concentration or the film thickness.

d

f:ﬁ When laser oscillation begins the laser intensity increases while the dye ab-
A

e sorption coeflicient starts to decrease according to Equation (2.13). The laser rate
e

KT equations show that after some build up time the signal intensity circulating inside

138!

MO the cavity reaches its maximum value (which coincides with the pulse maximum)

3 |
" given by
o:

W

o 2 Pi,maz .

ll',ma.rz T A (2.]0)

,(- 1 eff

' . _ .

L Here T, is the output coupler transmission, and P; ., is the peak power of the
W output pulse. The factor of 2 stems from the fact that the intensitv which saturates
e

\ hy the absorption is the sum of the counterpropagating intersities in the laser cavity.
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" Equation (2.15) assumes that the laser is operating in a single transverse mode,
labelled 1, although not necessarily the lowest order mode. The peak power of the

pulse, derived in the previous phase of this contract, is

R el

cTy Nes

ng, ,Zn-——— —(ne; — n,-,,)] (2.16)

Pi,ma:r = hua2 ¢ i

Here n;, is the initial population inversion defined earlier, while n,; is the value of

the population inversion when the intensity of the pulse is maximum, equal to

! 61+ 6
' Ny = 12 bAe]‘f (2.17)

The residual dye film loss 6, at the maximum of the pulse intensity is given by

1+7’Imﬂl

Il mas

—7—

For large peak intensities such that I;,ma, >> 1, the residual loss asymptotes to

b= b (2.18)

2 aptn. Combining Equations 2.14 and 2.17 we define r as the ratio of population
inversion prevailing at the beginning (n;,) and at the maximum intensity point (n, ;)
of the pulse emission:

o Nin &1 + &

= —— = — 2.19
' r Mgy & + & ( )

This quantity is equivalent to the ratio of initial to threshold population inversion
. in the standard Q-switching theory, which characterizes how far above threshold
{or here above minimum loss) the device is initially pumped. Using this definition

. of r the pulse peak power (Equation 2.16) may be written as

CTl o1 + 6(,

Poeak = hve gy =5

Agp(r—1—€n(r)) (2.20)

S To compute this quantity for a given value of the dye concentration (or dye cold

loss &) one must solve simultaneously Equations 2.15 and 2.18 through 2.20. This
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X requires computer evaluation as these equations are generally coupled through the
) intensity dependence of the dye loss (Equation 2.18). As an example, we considered
N

o the case of Fiber No. 24 tested in our experiments, described in the next section. We
RS

x used a fiber core diameter of 130 pm (Ay = 7ra2/Fom| = 1.62 X 10~°cm?, where
5 Fo101 = 2.1 is the pump-to-signal overlap coefficient for a set of LPy; modes far
L from cutoff), a fiber length ¢ = 2.35 cm and index n = 1.82, a stimulated emission
E: cross section of ¢ = 3.2 X 10-1%cm? and saturation intensity I, = 2.6 X 103 W /em?
b

for the 1.064 um transition of Nd:YAG.

X Shown in Figure 2.14 is the theoretical dependence of the pulse peak power
L)

’,;; on the cold dye loss coefficient 6;, for various values of the cavity loss ;. As
)

h expected and as explained earlier, for a fixed value of §; as the dye cold loss is
¢

N increased the peak power increases, because the allowed pump power increases.
' These curves assume that the pump power is adjusted for each value of 6 to the
R required minimum value. This value can be deduced from Equation 2.14 as

'

4)

’-; Pty mi ~IWP5‘+‘5°A (2.21)
AN abs,min = o1 2 eff .

i: For the parameters of Fiber No. 24 pumped near 810 nm, the value of the operating
)

::' pump power is simply Pipe min = 2.68 X 107%(6p + 6,), expressed in watts.

vy

- Similarly, the pulse width is given by (see previously developed pulsed fiber
2 laser theory):

ar=tv T ) (2.22)
‘ = —— —-n :

,i Pyear: 1 + 6 d

;:.- where ny is the final population inversion, prevailing at the end of the pulse emission.
' ny is given by the solution of,

o

:'; ny= nme("f""'")/"“ 2.23a)
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w
5 \.
ga = nel™rminlr/nin (2.23b)
‘ . The evolution of the pulse width (FWHM) with dye film loss 8p, as described
'\ by Equation 2.22, is shown in Figure 2.15. For a given value of the cavity loss 6,
E‘: the pulse width decreases monotonically as the film cold loss 8 is increased - as
L expected, since an increase in § means an increase in the excitation level (which is
"' adjusted to Pype min for each value of &). For a given value of the film cold loss &
}3 the pulse width decreases as the cavity loss 81 is increased - in the limit of very large
X ‘ values of &; the ratio r (or how far above threshold the laser is pumped) becomes
vanishingly small.
_.E The conclusion of this analysis is that, as expected, the most intense and
“;: narrowest pulses are obtained when the ratio 8/6; is the smallest. In this case,
::::: and for reasonable cavity parameters, sub-nanosecond pulses with peak powers in
E* the range of several hundred watts can be generated.
. So far it has been assumed that the pump power was fixed at the ‘thre<hold’
; or minimum value Py, i, and was applied in the quasi-CW mode. The population
E'_}': inversion has then reached its quasi steady-state value after the pump has been
: applied for approximately 4-5 times the lifetime of the upper laser state 7/, at

4.%,}'__

which point the Q-switched pulse is emitted. Under C'W pumping condition. at

Pite = Pupemin. the frequency of occurence of the pulses is therefore about (4-5

-
Pl

v :

rf)". or about 1 klHz in Nd:YAG (rp =~ 230 psee). If the pump is lowered (P, <

| 4
%
.

LA ]

Pape.min), Q-switched pulse emission ceases. If it is increased (Pgpe > Pipe min), the

DM
'

population inversion steady state value will be reached sooner. Assuming that the

> pulse emission occurs where the population inversion has reached 99°¢ of its steady

) state value, the pulse emission frequency will be
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Figure 2.15--Dependence of the Pulse Width on the Cavity
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b [=— (2.24)
1
. TI en[l 0 99 Pas, mln]
L]
N Therefore, increasing the pump power above the minimum value P, ,,:n required
e
4 to obtain pulse emission only increases the emission frequency. If Poy, = 2P344 min
€
R/
N the frequency is increased by a factor of 1.5.
0
A 2. Experimental Procedure
)
W
* As described above, passive Q-switching of fiber lasers was obtained by placing
¢ . . . .
k. a saturable absorber laser dye in the cavity, in the form of a thin film held by
)
i .
surface tension between the output coupling mirror and the fiber end. The film
)
D
‘ thickness was generally smaller than 500 gm. The dye was Eastman No. 14015, or
(>, . . . ]
BDN. a standard, relatively stable saturable absorber used in passively mode locked
S lasers near 1.06 g, dissolved in 1, 2-dichloroethane.
&
) A standard end-pumping configuration was used for this investigation, with
; an argon laser pumped CW dve laser funed to the strong 802 nm absorption line
. of Nd:YAG as a pump source. The pump power available from this laser was at
y most 200 W, and usually in the range of 80-100 mW, due to difliculties associated
Lo . . . . . . .
.; with the chemical stablity of the dye molecules under intense illumination, and
g mechanical stability of the dye laser cavity. In the Q-switched mode the pump
"
) power was amplitude modulated at a few kHz rate with a mechanical chopper to
‘ ‘ide a reference signal to trigger the oscilloscope. The signal pulses were detected
¥ provide a reference signal to trigger the oscilloscope. The signal pulses were detectec
€l
- with a fast silicon detector having a response time of about 1-2 nsec.
[ =
» ~ A . Y
p For these measurements two fibers were used, namely Fiber 17-1 (see Table
. 2.1) previously involved in mechanically Q-switched investigations, and Fiber No.
] 24 which is a 23.5 mm long, 130 pgm core diameter, glass clad fiber with a core-
g /
M cladding index difference of 0.015. The fiber aspect ratio is such that both the pump
L/
and signal are guided by the fiber core. The fibers were Al-coated at 1.064 g,
usually at both ends, although the presence of a coating on the side receiving the
5
t
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&
e drop of saturable absorber was not required as the liquid acted as an index matching
. medium to reduce the Fresnel loss at this interface. On occasions the AR-coating
X was not present on this side of the fiber.
‘h.-
oy
- 3. Fiber No. 17-1
i - : —_ —
Do Initial passive Q-switching measurements were performed in Fiber 17-1. The
!"
." . N . .
.:2 CW cavity loss for this fiber (with T = 4.6%) was measured tc be §; >~ 0.186
¥
)
prior to introducing the saturable absorber. For this fiber the dye concentration
-:: was adjusted by trial and error to Np =~ 0.3 X 10*'8¢/m~3 until Q-switching was
B
i :2 observed. Pulse generation was obtained by placing a drop in the cavity, then
‘e' adjusting the output coupler orientation until laser oscillation resumed, now in the
-‘:} Q-switched mode.
=
2
= : : . . .
% A photograph of a typical pulse train, obtained under CW pumping conditions
[Lte
Ko 4
" is shown in Figure 2.16. Q-switched pulses occurred at a repetition rate of 2.8
1"'
: X kHz. From Equation 2.24 it suggests that the device was pumped 2576 above
] minimum requirement (Pgpe = 1.25 X Pypg min)- A 200 jitter in the time of onset
ol . —
B) of consecutive pulses was observed, expected from the nature of the Q-switching
_.:: mechanism.
45
o One of the major difficulties encountered -vith this fiber was that after about
" "
: one minnte of continuous operation the dye film disappeared from the space between
o
-g* the fiber end and the mirror, either from evaporation or some form of leakage. At
A
L4
L\
‘\j this point, the addition of a new drop of dye restored the generation of Q-switched
M
\ . . . . . . ~
.‘: pulses. However, this situation made full characterization of the pulses difficult,
)
- and limited data were collected with this sample. The peak power was estimated to
Y N be about 110 mW while the pulse width was about 100 ns at the half-power points
>
o™
o (At, = 200ns). These values are somewhat different from what was anticipated,
i)
'::j namely peak powers on the order of tens of watts and pulse widths in the range of
K
?.J
et
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Figure 2.16--Q-switched Pulses from Fiber No. 17-1.
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‘»‘ a few to 50 nsec. This diserepancy will be discussed further on.
~I -
. [

o , . :
B After a few hours of operation the epoxy used to hold the capillary tubes in
v
13 )

‘fc,

the mounting fixture became soft and gradually come out of the fixture. Some

]
o

chemical reaction was taking place between the epoxy and the dye solvent, which

O
0,
&~ . ..
5,: caused the solvent to be gradually soaked up, the epoxy to swell and the individual
§ e
iy : : . : .
o capillary tubes (in which each fiber 15 contained) to become loose. The solvent
4 \ A . . .
o apparently did not affect the bonding agent used to attach the fibers inside the
[a >
"-. - . . - . -
1 capillaries. Although individual capillary tubes were successfully removed from the
¥y
" fixture at this point, subsequent measurements were performed with Fiber No. 24,
P\ .
as deseribed below.
[ 1
AN !
e 4. Fiber No. 24
t‘“
. . - . . . - -~ v . . .
O At the time Q-switched oscillation measurements in Fiber No. 24 were initiated,
<
.. : LA :
L this fiber was the first glass-clad Nd:YAG fiber which had been brought successfully
-
s e . .
L2 to laser oscillation in a continuous wave mode. The fiber propagation loss (for the
" fundamental transverse mode LPgp) inferred from CW output characterization was
.‘i
v onc of the lowest achieved at that time, namely on the order of 0.5-0.6 dB/cm. Since
"
Ly
’:,; the fiber is relatively long (€ == 2.35 cm), the total round trip loss of a cavity made
s of this fiber, a high reflector and a 4.6°¢ output coupler was typically 6; = 0.5.
) »
:’0 ! When a drop of pure solvent was added to the cavity laser oscillation ceased,
o and was only restored after readjusting the orientation of the output coupler, as
5
3 desribed for fiber No. 17-1. After optimizing the output of the CW laser in the
X
!
ON presence of the film of solvent, the new round-trip loss was measured to be 6, =
E “.
W 1.06. The additional loss contribution of Aé; = 0.56 (for a film thickness of about
.'. « . . . . . .
N 200 pm) is believed to arise from a combination of (1) frustrated anti-reflection
[) v
)
) A . . . .
o coating operation. {2) decreased output coupler reflection, and (3) solvent optical
W
"
loss due to inhomogeneity and less than ideal transmisison. The threshold of CW
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h
I o~cillation was then on the order of P, = 45mW’ | or an incident pump power of
A
R . :
- 60 mW\.
o
FlS . . . . .
When Q-switching measurements were performed with this fiber, the pump
!: power available from the dye laser did not exceed 20 mW, and was often down
W
L1
.. . , .
;:-.3 to the C'W threshold level of the fiber laser. As a result only relatively low dye
'
e . : e .
'n’) concentrations could be used to demonstrate passive Q-switching in this fiber. Initial
] .
) Q-switched laser oscillation was observed with a saturable absorber concentration of
- , — ; '
.,-: 0.26 X 10'® em™3. It corresponds to an unsaturated absorption coefficient of ag =
L) -
L - _ C. . ¢
L 0.50 e~ !, and an additional (unsaturated) cavity loss of 8y = 2a¢t =~ 0.02 — 0.01,
& y depending on film thickness. Pulse characterization was conducted while the pump
Na
N
Lt . .
o power was set at the maximum power available from the 808 nm dye laser, namely
o
N
Pl . . .
.' about 80 mW, corresponding to an absorbed pump power of about 60 mW. With
S the above concentration Q-switched laser operation was obtained routinely. The
o
T dve film appeared to remain for several minutes between the fiber end and the laser
Rl mirror before leaking out, at which point a new drop was added and Q-switched
5 laser action resumed immediately. The peak power was quite low, on the order of
o
o 3 mW., while the pulse width was 240 nsec (FWHNMI).
"
K.
Ba. The total dye absorption was then increased by increasing the mirror-to-fiber
d :. distance, and thus the dye film thickness. An inerease in the dye absorption caused
) . )
o the pulse width to decrease to about &0 nsee, and the peak power to increase to 40
i
v
o mW (sce Figure 2 17). This behavior was expected and confims the conclusion of our
®
e theoretial annly<i~ which predicts that the pulse peak power should increase, and
- & :
YN
o the pulse width decrease, with increasing cold dye loss, in particular with increasing
- film thickness.
@ .
P~ Other, weaker concentrations were also tested, 0.16 and 0.05 X 10'0 em™3,
W
\
s which provided 0.4 - 1.6 mW peak powers and 400-500 nsee wide pulses. Although
'..‘
.l . . .
.&f the film thickness probably varied somewhat from run to run, these tests definitely
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N
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Figure 2.17--Q-switched Pulse from Fiber Laser No.
24 (Horizontal Scale: 50 nsec/div).
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indicated that a darger concentration (up to a point) would optimize the pulse

characteristie, as anticipated.

Narrower pulses were indeed observed after changing the filin concentration
back to 0.26 X 10' em™, and carefully aligning the fiber laser cavity. We
repeatedly observed the generation of 50-80 nsec pulses, then after further alignment
a record pulse width of 6 nsee, as shown in Figure 2.18. The estimated peak power
was on the order of 2 watts. These measurements were obtained with an absorbed
pump power of about 60-80 mW. To the best of our knowledge this is the narrowest
and brightest pulse observed from a single erystal fiber. This measurement, however,
was a one-time observation which occurred toward the end of our investigation, so
that no further characterizations of this device were performed.

From these measurements one can work out the pump parameter r (EEquation
2.20) using either the measured values of At or of the peak power. From the value
of At = 6nsec, Equation 2.22 predicts ny,_p,, = 1.49 X 10'?, which, combined with
Equation 2.14 {n;, = 2.76 10'3), provides nyp = 261X 10'3. The ratio (Min—n)/nm
is only about 5. which shows that very little energy was extracted by the pulse.
Now from Equation 2.23b one computes r >~ 1.03. Similarly, from the value of
P = 2 watts and Equation 2.20 one computes r >~ 1.07. These two values
are in fair agreement, their difference being attributed to a high cavity loss 6.
Actually, &) was taken to be 6 = 1.0 in the above derivation. Had we assumed
61 = L.91, the values of r extracted independently from Af and P, would have
been identical. This is consistent with the observation that during these tests the
CW threshold was actually higher than the lowest measured value, probably due to
residual misaiignment of the fiber laser cavity.

These results clearly indicate that under the conditions of our experiments, the

parameter rowas barely larger than unity, in other words that the dye film cold loss

b was much smaller than the cavity cold loss 8y, The sclected dyve concentration
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Figure 2.18--Trace of the Shortest Pulse Obtained
from a Guided Passively Q-switched
Fiber Laser (Ap = 808 nm).
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was too low, as the criterion used to select it was not based on the theory presented
in this report, which was developed at a later time. As a result the peak power of
the pulses generated by this method was not quite as high as originally expected.
However, as pointed out earlier, the pulse width depends weakly on the cavity loss
0. and fairly short pulses were still observed. For the same reason, experiments
were not designed to verify one of the theory’s major conclusions, namely that the
pulse output characteristics are independent of the pump power level (above some
‘threshold’ value). A point of particular interest are details in the effect of the
pump power on the Q-switched laser operation in the vicinity of Py, in, which the

current theory does not address.

5. Conclusion

Passive Q-switching investigations have led to the successful demonstration
of the possibility of nanosecond pulse generation in compact Nd:YAG fiber lasers.
Studies have shown record pulse widths of approximately 6 nsec and peak powers
of 2 watts in guided, &R nm end-pumped, glass-clad Nd:YAG fibers. This is the
first report of nanosecond Q-switching of any type in single crystal fibers.

It has been stressed that the measurements involved in this analysis were
difficult, reguiring constant efforts to operate a generally unreliable infrared pump
soturce as well as delicate alignment of 5 high loss optical cavity., Adverse interactions
between the varions chemical componentsin the cavity also contributed to iereasing
the difficulty of the ta<k. A large nneertainty in the results al-o arose from onr lack
of knowledge of the exact thickness of the dye filin, and from the need to regularly
feed drops inside the eavity,

Measurements of the pulse peak power and width, and their dependence on
film concentration and thickne, indicate that the dyve film contributed to a <mnll

fraction of the filver Toser cavity doss This situation, in part due to a low available
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e sulted i | d peak lly lower th
N pump power, resulted in a pulse energy and peak power generally lower than
.\.-’
expected in an optimum configuration.
X
AN Despite these shortcomings, we were able to obtain encouraging results, which
B s
'I
B Y . . o . .
0588 points out the potential of Nd:YAG fibers as compact, miniature Q-switched laser
‘. [
- ) sources. The data generated with these fibers made it possible to verify some of
o . : . i .
i the predictions of a novel theoretical analysis of passively Q-switched lasers. From
N
-
\.. . . 3 3 . .
~ this study it may be useful to suggest a few guidelines for future work in this area.
[
In general it was felt that the fibers involved in this work, in particular Array No.
Sl - . . . . . .
Vg 17. exhibited unusually high CW oscillation thresholds. Since this work was done,
Y,
| Py
o . . .
Bt much lower loss fibers were fabricated and tested under other auspices, which should
M
' clearly be involved in future investigations. They are anticipated to be adequate
) g p q
--’ijl:: for much higher dye concentrations than used in this study, with a hope to achieve
R _ - , .
5 higher pulse peak powers. A minimal amount of, or a different, epoxy material
. should also be used as a bonding agent to avoid contamination and interaction with
- - -
> the dye layer. Some means of containing the liquid saturable absorber would also
5
2* avoid the necessity of continuous addition of dye, as well as provide a basis for
Y
J dve longevity stutdies. Aiternative, more realizable pump sources, such as a Kr-ion
o
&
d . . . . . .
;" y laser or GaAfAs laser diodes, may also be considered for further investigations. We
o]
P . . . .
ol believe that with these improvements nanosecond pulses and peak powers in the
D
a(‘r, tens of watts range should be readily achievable in the generation of new low loss
o R o
AN
o fibers.
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o III. LASER STUDIES AND MINIATURE LASER DEVICES USING
Dot Nd:MgO:LiNbO3;
)
?: A. Continuous-Wave Laser Action in Nd:MgO:LiNbO3;
.-..
o
» - 1. Introduction
3
j‘_.,, Laser action in Nd:MgO:LiNbO3 was achieved at wavelengths around 1.09
518
M pm. This new solid-state laser material exhibits a polarized fluorescence spectrum,
o characterized by a “low-gain polarization,” X\ = 1.093 pgm, with the electric field
3"'\
N perpendicular to the c-axis, and a 7 or “high-gain polarization,” X = 1.085 um,

R

o o - -
[ 1 »
Ve

with electric field parallel to the c-axis.

The first demonstration of true continuous-wave, room-temperature laser oscil-

Y
"_T lation in neodymium lithium niobate was achieved in our laboratories by pumping
- at 598 nm a c-axis Nd:MgO:LiNbOj crystal (low-gain polarization). At this pump
~ wavelength, CW laser operation in a- or b-axis lasers (high-gain polarization} re-
::,' quired elevation of the temperature above 50 °C, due to photorefractive damage.
2 However, C'W room-temperature laser action for the high-gain polarization could
; be demonstrated by pumping in the near-infrared at 813 nm.
E This section is devoted to the investigation of the main properties of
’ Nd:MgO:LiNbOj3 as a solid state laser material. The scction also treats the work
. on CW and quasi CW Nd:MgO:LiNbOj lasers pumped around 600 nm. The next
% section is concerned with Nd:MgO:LiNbO3 lasers pumped in the near-infrared, par-
ticularly diode-pumped lasers.
;.: ' We start the section with a brief description of the Nd:MgO:LiNbO3 samples
,S used in this work, followed by the theoretical considerations leading to the design of
§: the miniature laser resonators. We proceed by presenting the experimental set-up
,;‘.' and some of the more representative experimental results. Next, we describe the
E study of the main laser properties of this material, namely, fluorescence lifetime
e
. rr
- R
et A e A A "
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and net gain cross section. Finally, a direct comparison with Nd:YAG is made.
2. Nd:MgO:LiNbO3 Samples

The bulk samples used in this work were cut from three boules grown and
provided to us by Crystal Technology. The first two boules were grown from a
Li/Nb congruent melt having 5-mol% MgO. They contained 0.15- and 0.2-wt.%
Nd203 and will be referred to hereafter as the low- and the high-doped boules,
respectively. The third boule was grown at a later period. It had a composition of
9 mol% MgO and 0.15 wt. % Nd203 and will be referred to as the high-magnesium
boule.

Samples cut from the first two boules exhibited striations perpendicular to the
c-axis, visible to the naked eye, and having periods on the order of 0.2 to 1 mm.
The striations were probably due to refractive index changes caused by composition
inhomogeneities. In addition, the high-doped samples contained significant amounts
of inclusions. For this reason most of the laser devices were fabricated from low-
doped samples.

The initial work on CW and quasi-CW Nd:MgO:LiNbOj lasers was done with
two rectangular b-axis crystals with dimensions 2 X 2 X 10 mm and two rectangular
c-axis rods with dimensions 2 X 2 X 11.5 mm and 1 X 1 X 5 mm respectively.
All these rods belong to the low Nd doped type. The crystals’ end faces were
antireflection coated with 1875 A of SiOs.

Successful laser oscillation was attained in all of these crystals and in others
also cut from the low-doped boule. Laser action was also achieved in a high-doped
crystal; however, oscillation threshold could not be reached in either of two high-
maguesium rods. Scattering of the visible-pump beam was more intense for these
high-magnesium crystals. This increased scattering could be due to inhomogeneities

such as compositional variations, occurring on a scale of microns that were not easily
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*‘.w. Table 3.1

A

- Nd:MgO:LiNbO; Samples

g Sample | Orientation | Dimensions | Composition
L)

s C1, C2, C3 caxis | 1 X1 X5mm 5% MgO, 0.15% Nd203
L) C4 b-axis 3X3X10mm | 5% MgO, 0.15% Nd.03
| S R R S oo - T e
v | C5,C6 | baxis | 2X2X10mm | 5%MgO,0.15% Ndz0s
o C7_ | eaxis | 2X2X11.5mm |5%MgO,0.15% Nd:0s
G | C8,C9,C10 | b-axis | (same group as C5, C6) | 5% MgO, 0.15% Nda03_
n C11,C12, C13 | c-axis | 200 pm X 4 X 8 mm | 5% MgO, 0.15% Nd203
' - | Cl4 | caxis | 2X2X10mm | 5% MgO 0.29 Nd203
b | C15,C16 | caxis | 2X2X10mm_ | 9% MgO 0.15% Ndz0s
kA

- detected with the naked eye. Probably the large concentration of Mg() made the
,-.4.:
% achievement of good optical quality during the growth of this boule difficult.
: _'_H
; Table 3.1 describes the Nd:MgO:LiNbO3 samples used in this work.
A%
A
o 3. Miniature Laser Resonator Design
S
%

The main criterion in the design of the miniature laser resonator is minimization

s
Lty Aty v S

J of the threshold pump power. To achieve this goal we must choose the cavity
"
Lo, length, mirrors’ radii of curvature and focusing lens in such a way as to minimize
LEn
by W . . ..
:)-; the effective pump and signal mode volumes inside the crystal.
.‘ ),
,2>.‘ . . . .
The mode overlap formalism provides the following expression for the ahsorbed
N
::‘ pump power threshold of a four level laser,
ot
."_»
4
N hv.
‘ PO (2 o2
et I = —(i H'“)]
: = — + 3.1)
::, orr 202 P ¢ (
.I
.:C'
N where hy, is the pump photon energy ¢, o, the net gain cross section; 77, the lifetime
! f' P fv
' of the upper laser level; é, the cavity round-trip loss; W,, and W,, the pump and
: signal beam radii averaged over the crystal length. The average beam radii are
- given by,
L 1
R 57
s Sl . . - e - .
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M 2 Z; Z;

g =wifi+e[(1-7) (7))

b

" In this expression, i refers to pump (p) or signal (s); W, is the beam waist radius, )
b Z; the location of this waist inside the crystal (assuming Z = 0 at the input face
R, ™

: of the crystal rod), n the refractive index and ¢ the crystal length. The diffraction
- term ¢; 1s equal to

L. 1/ \e 2

¢ ¢ = _( > ) (3.3)
] 3\7W?en

i When the cavity is composed of equal radii mirrors, the beam waist is located
b at the center of the cavity and Equation (3.2) reduces to,

K 2 3

) W = W?(l + —'—) (3.4)
[ 4

L}

’ The signal (or pump) waist radius W; ,,, that minimizes the threshold is ob-
& tained from Equations (3.3) and (3.4),

4
¢ 1t (3.5)

opt = 3.

A P V127n
. Using Equation (3.5) we calculated the optimum signal and pump waist radii .
)]

for two representative Nd:MgO:LiNbOj3 rods. The results are listed in Table 3.2
‘ together with the corresponding wavelengths and refractive indices.
E: To attain a signal waist radius close to W, .y the cavity parameters, i.e., the
s
v cavity length L and the mirrors’ radii of curvature R; and Ry must be properly
- chosen. As a function of these parameters, the signal waist radius can be written
;-
- as:
E\

>
. 58 -

I

£

L . )

4

- 0 CENE REIS NI N ( 1y 1t LA (
5 A e e e A S P A s



[}
o Table 3.2
)
[\

Optimum Waist Radii

D ’\
) N L
i _ Cystal | x| a ’ Wi opt
b3 Pump | | se8nm | (avg)22662 | 156 m
__High Gain | b-axis (1 cm) 1.085 ym | (nc) 2.1702 | 21.4 pm
AN | Low Gain c-axis (1.15 cm) 1.093 pm (no) 2.2326 22.7 pm
A% T - - — - - - T : -
)
2
4
l"'
N 12Ler (2R~ L
. wt = o] Lot 1) (3.6)
:, T 4
~
! ~ where, L.sr, the effective cavity length, is equal to
s
l‘ »
Lyr=L—-¢1-1/n) (3.7)
2
W ‘)
;’3?0 and we have assumed | = Rs = R.
: Figure 3.1 shows a plot of Equation (3.6) versus cavity length with R = 5
::: cem and ¢ = 1 cm. Examination of this figure reveals that the optimum signal
L,
‘oj waist is realized for two cavity lengths, namely Ly = 5.44 mm and [, = 105.31
;:. mm. Clearly, the first cavity length is not physically realizable due to the finite
o
’,‘:4 dimension of the crystal rod. In Figure 3.1 the signal waist radius exhibits a lower
‘ bound value of ~ 60 gm corresponding to . = € = 1 em. This configuration will be
referred to hereafter as the minimum length cavity. The second cavity dimension
' corresponds to the so-called concentric cavity which lies at the edge of the resonator
:'f' stability region. An enlarged view of the variation of signal waist radius with cavity
T length close to the concentric configuration is shown in Figure 3.2. In this plot, the
"3‘ signal waist decreases smoothly with increasing cavity length from 60 gm to about
Py 40 um and then drops abruptly down to zero as the stability limit is approached.
: As a compromise between stability and low average signal radius a cavity length of
'\
i: about 10.4 cm was selected. For a longer sample (€ = 1.15 ¢m) the optimum cavity
.
<
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of the Laser Cavity Length.

CAVITY LENGTH (CM)
Figure 3.1--Signal Waist Radius as a Function

SIGNAL WAIST RADIUS VS CAVITY LENGTH
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length is =~ 10.6 cm.

Concerning the choice of cavity mirrors we were limited by the radii of curva-
ture available, i.e.,, 5 em, 10 cm and oo (flat mirror). An analysis similar to the
previous one revealed that the 5 cm radius mirror was best suited to minimize the

threshold.

4. Experimental Set-Up and Results

4.1 CW Laser Set-Up

The experimental arrangement for the CW laser measurements is illustrated
in Figure 3.3. It consisted of the pump lasers, a chopper or an acousto-optic cell
to control the pump duty cycle, a focusing lens, an optical back-reflections isolator
composed of a polarizer and a quarter wave plate, the Nd:MgO:LiNbOj3 laser and
the detection elements. The pump beam was provided by a Rhodamine 6G dye laser
emitting at 598 nm, pumped itself by the 514.5 nm, 2 W radiation of an argon-ion
laser. About 300 mW of optical power was provided by the dye laser.

To avoid reduction of output power in the b-axis lasers due to photorefractive
damage, a low duty cycle was chosen. The pump beam was modulated at a repetition
rate of 25 Hz in intervals of ~ 500 psec. Since these intervals were more than three
times the fluorescence lifetime of the material (~ 120 usec) full population inversion

was achieved.

4.2 Experimental Results

Both nearly concentric cavities and minimum length cavities were investigated
in this work, the former because of their inherent lower threshold and the latter
because they provide a way to estimate the net gain cross section of the material.

Figure 3.4 shows plots of the laser output power at A = 1.085 um versus

absorbed pump power for b-cut lasers in a short cavity. The first laser consisted of
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two 5 cm radius mirrors, a high reflector and a 0.42%9 transmissive output coupler
separated by a distance of 11.5 mm. The second laser was identical except that
the output coupler was 4.4% transmissive with a 10 cm radius of curvature. The
oscillation thresholds are relatively low, on the order of 4 to 12 mW. As expected
the output grows linearly with the absorbed pump power. A least square fit to a
straight line was made to the experimental data (solid lines in Fig. 3.4). The device
slope efficiency is defined as the slope of the curve fits, i.e., as the ratio of output
energy to input energy above threshold. The slope efficiency of 39%% observed with
the high transmission output coupler is close to the theoretical limit of 55¢% given
by the ratio of signal to pump photon energy. A maximum quasi-CW output power
in excess of 22 mW was observed for an absorbed pump power of 70 mW which
corresponds to a maximum available pump power incident on the laser cavity of 128
mW.

Note that the analysis presented previously predicted a pump power threshold
much smaller for a nearly concentric cavity than for a minimum length cavity. This
was verified experimentally by increasing the mirror separation up to 10.4 cm in
the laser having a 0.42°¢ transmissive output coupler. Under these conditions the
absorbed pump power required to reach threshold was lower than 1 mW. However,
the short term power fluctuations of this laser, about 3 to 676, were larger than for
the short cavity lasers, which were typically 196. The better stability of the short
laser is probably attributable to the less severe influence of pump beam wandering
due to the much larger signal mode size.

Figure 3.5 shows the output power characteristic of two low gain, e-cut lasers.
The first one was made of the longer crystal in a nearly concentric cavity. This
laser was run CW without noticeable output degradation during the time it took to
characterize it. To the best of our knowledge this is the first report of C'W oscillation

in Nd:LiNbO3. Because of the smaller mode size in this device, its threshold was
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Table 3.3

CW Laser Data

- Inferred

R S Slope | Crystal | Threshold
| _Polarization | Crystal | T | Efficiency | Loss |  Power
|__High Gain | b-axis | 44% |  39% - 18% | 12mW
_High Gain | b-axis | 0.42% 11.7% 16% | 3.6mW

| Low Gain | c-axis 0.42°% 9.05% 2.1% 3.9 mWV

. Low Gain c-axis 0.3% 5.4 2.7% 18.8 mW

comparable to that of the previous high gain devices, on the order of 4 mW. The
second laser was made of the short crystal placed in a short cavity. The larger mode
size 1s responsible for its higher threshold. The data for the lasers of Figures 3.4
and 3.5 are summarized in Table 3.3.

The cavity round trip loss & was inferred from the equation

=1 3 x
S =2y (3.8)

where s s the slope eflicieney. & the round trip cavity loss. T the output coupler
transmittance and X, the signal (s) or pump (p) worvelength

A remarkable feature of the results <hown e Table 323 09 that <ame are come-
parable to the best resabts reported for N YAG rod< an peevions vears A< an ol
Instration. Table 204 Tt the tighest <D pee ety andd the lowest pump threshold
ohtamed for a boavas ervstal thigh gan polanzation) el alao the corresponding
values for Crystal N 1o f NG YANG Dsted e the final regort conenme the poricd
Aprl TOX2 - May 19%3 (CTable 5 page 74 N comparison between the laser properties

of Nd:MgO LiNbO3 and Nd YAG will be presented in Secton 1A <

5. Transverse Mode Structure of the Signal and Pump Beams

In Section HEA 1 <ome of the man properties of the Nd MgO TaNLOL CW




NN

a4
s

» Woinar,  dds
i LECKRRALEE, SRR

B eUANOYYS

L XM

[4
1.' .':' 1‘1‘)

*

A ARRIRA

- @
i
S

- ",“

Table 3.4

CW Laser Data for a Nd:MgO:LiNbO3
Sample and a Nd:YAG Crystal Rod

| NeMgoLNbO; | NdYAG
| _SlopeEficiency ] S
L o withT~5% | 3% |  436%
| Quantum Efficiency | ~ 707% | 90.1%
L,-,M Inferred Round Trip - L o
L Loss 8% 0.75%
. Pump Threshold (T ~05%) o 7

[- 7 3.6 mW 5.0 mW

lasers were investigated, namely, output power versus absorbed pump power, slope
efficiency, quantum efficiency and inferred crystal loss. A complete characterization
of the laser signal must also include a study of the transverse mode structure of the
laser beam.

Under optimum alignment conditions all the lasers studied were found to
oscillate in the fundamental Gaussian mode (TEMgg). Preferential excitation of
higher order modes could be achieved by slightly misaligning the cavity mirrors.

By using a reticon array of siheon photodiodes, the signal and pump bheam
transverse mode profiles were analyzed. Figure 3.6 shows the signal transverse mode
structore of a mimmum-length laser cavity consisting of a 1 em erystal, a 5 em
rachins high reflectar and a flat output coupler. The reticon array was located 1 em
bhebind the output coupler. The individual diode array elements are clearly resolved
in the photograph and consequently, the beam diameter can be easily determined
by counting array clements. The Gaussian beam radius is defined as the transverse
distance coresponding to a 1/¢* drop in the intensity. Knowing the diode separation
{25 pm). the 1/¢* diameter of the signal beam is 61 elements X 25 pm = 1.52 mm.

Figure 37 depicts the transverse profile of the pump beam just before reaching
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Figure 3.6--Transverse Mode Profile of the Signal
Beam. 1/e? Diameter = 1.52 mm.
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P& 1/e?2 Diameter = 1.96 mm.

) . ol . ) L.
4 5
' ‘gff.' ,'a*‘:?“‘f, ":'- "‘,‘%‘;Q?af‘l’v e

¥, 0on Ty Ve 1o, e Wt TR
A s R R Ay T e e R

OO N ) [)
Jn‘!‘n’. '.'4!‘.‘!@"0!“!'1"?



Q!

. -2

PP TP R 4

4

- o >

- A e A

bk

LicH
_v".l 174

the focusing lens. The figure shows that the pump beam profile was also nearly
Gaussian with a diameter of 1.96 mm.

The signal and pump beam waist radii (W, and W,) inside the laser cavity were
determined from the measured beam radii using standard ABCD matrix formalism.
Both W, and W, were used to estimate the net gain cross section as explained in

the next sub-sections.

6. Laser Characterization of Nd:MgO:LiNbO3;

The material properties determining the performance of a solid state lase: are,
basically, the fluorescence lifetime 7, and the net gain cross section ¢. 7, determines
the amount of population inversion N that can be achieved for a given pump rate I?,
as N >~ R,7; (for a four-level laser in CW or quasi-CW operation). o determines
the gain coefficient g achievable with a given population inversion density n and
crystal length ¢ as ¢ = nof. This sub-section describes the measurements of 7, and

o for this new solid state laser material.

6.1 Fluorescence Lifetime

Due to concentration quenching, the fluorescence lifetime 77 depends on the
neodymium doping level. Therefore, a different 7, was measured for the low- and
for the high-doped samples.

To determine 77, the erystals were optically excited with a chopped pump dye
laser, and the output fluorescence was detected and recorded on an oseilloscope. The
measured values of 7, were 102 ps and 120 ps for the high doped and low doped
samples respectively. The measurements were carried out at room temperature.
Investigations by another research group at Stanford University indicate no change
in 7, for the high doped sample for temperatures up to 100 °C'.

Since only low doped samples were used to make most of the laser devices

described in this work, the value 7p = 120 ps is consistently assumed unless other-
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8.2 Net Gain Cross Section

The net gain cross section o is equal to the estimulated emission cross section o,
minus the excited state absorption (ESA) cross section ogs4. As mentioned before,
we are interested in the net gain cross section o because it determines the laser gain
(and the laser threshold).

The 4F3/2 - 41“/2 transition in Nd:LINbOj3 was investigated by Kaminskii in
1971. He reported the following values for o: 5 X 107!? ¢cm? for the 7 or high gain
polarization and 2 X 1071% cm? for the low gain polarization.

The net-gain cross section of our Nd:MgO:LiNbOg3 crystals was estimated by
using three methods. The first method is based on the analysis of the fluorescence
spectrum. The second method is based on the quasi-CW and CW laser measure-
ments. This latter method has been extensively used under this contract to charac-
terize Nd:YAG fiber and bulk lasers. It consists of the following: first, the CW
or quasi-C'W slope efficiency is used to infer the round-trip cavity loss 8; second,
the measured pump and signal beam profiles and a matrix formalism are used to
determine the waist radii. The average beam radii inside the crystal, W, and W,
can then be caleulated. Finally by using the measured pump power threshold Py, as
well as o, W, W, and 7/ we obtain an estimation for o from Equation (3.1), Section
HEA3. The major difficulty in this method is to determine the waist radii with
high accuracy.

A third approach consists of making another Iaser with a material of known
cross section (such as Nd:YAG), both lasers having the same cavity parameters,
e effective cavity length and mirror’ radii of curvature. Also, the sample effective
iengths must be the same. Under these conditions we can assume that the pump and

signal cavity mode volumes are the same in both lasers. Therefore, from knowledge
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Table 3.5

Mode Sizes and Inferred Cross Section

T Round; Pump | Signal Inferred Kaminskii
b—————— - —— }— - - — e e e T
e L Trip | Waist Waist ) Cross ~ Cross
. | Crystall T | Loss TRgijus Average RadiusiAverage Section _ Section
3 | b-axis 4.4%6.2% [19.4 pm| 23 pm | 74 pm[74.3 pm(6.7 X 10~'° cm?
| b-axis 0429 1.9% | 19.4 | 23 69 | 693 | 6.1 X 107% b X 107" cm?
N ’L_rg-ﬁa)g_is_VEfo’Z 2.5%| 28.9 | 30.5 36 | 386 | 3.3 x 10719
| c-axis |0.3%| 3% | 19.4 | 204 | 69 | 69.1 | 18 x 107 2 x 1071 cm®
v
! of the cavity loss and the lifetimes of both materials and the thresholds, we can
X relate their cross sections and, thus, infer one of them from the known value of the
(]
other. In the following subsection we describe the experimental results leading to
the determination of o.
7. Determination of o from the Laser Data
The pump and signal waist radii and the average beam radii for the lasers
described in Section IILA.1 are listed in Table 3.5 as well as the inferred cross
. sections for both polarizations. When the waist radii are small, on the order of 30
pm or less, a small error in their determination may introduce a significant error
| in @. For this reason the value of ¢ obtained from the short cavity lasers is more
! reliable. For these lasers, W, ~ 70 pum whereas for the nearly concentric laser,
' W, ~ 36 ym. In addition, for the short cavities, the pump waist radius is much
D
Y smaller than the signal waist radius and an error in ¥} has a less severe influence
- in the determination of o,. (W, appears in the sum Wg + W2 in the expression for
: o).
- Analysis of the b-axis lasers data yields a value for o slightly larger than 6 X
107! em? (high gain polarization). For the low gain polarization, a discrepancy is
. observed between the inferred values. However, as explained previously, the value
l
|}
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A of 1.8 X 10719 cm? is certainly more reliable.
<t
- The cross sections deduced from laser measurements were compared to the cross
)

) . . .

o sections obtained from fluorescence experiments performed by another research
P

5 . . . .

b < group at Stanford on identical samples. The fluorescence experiments yielded 1.8
T

. _ . . . . -9

. X 107! ¢m? for the high gain polarization and 5.1 X 10720 ¢m? for the low
.

-.: gain polarization, i.e., about 3 times smaller than the values inferred from laser
%) {
A" - . . . . .

N characteristics. However, the ratio of cross sections for both polarizations is the

Y

same in both methods, namely, about 3.5. The fluorescence measurement provides
) Y . . . . .
-,{_ the stimnlated emission cross section o,, whereas the laser masurement gives the net
)
e gain cross section o. These results indicate that ¢, < 0. However, opgq4 =0, — 0

A

cannot be a negative quantity. No satisfactory explanation for this result was found.
R~
-~ 8. Direct Comparison with Nd:YAG

=
o Asexplained previously, the cross section for Nd:MgO:LiNbOj3 can be deduced
A
)

) 4 from that of N&:YAG if similar samples of both materials are investigated in lasers
Ny

» . . . . . . . .

v having identical characteristies. Under these circumstances the pump and signal
D) cavity volumes cancel out in the equation of ¢ (provided they are identical in both
.

3 lasers))

X

o o . : : . .
»Y Phree short cavity lasers were implemented in this study. All of them had 5

. A l A

T

e radis mirrors and 0 12 90 output coupling The first lTaser had the long c-axis
p.- rod and was E2 e long (effective cavity fength L, rr 2= 056 em). The second laser
W ‘

~ . . . - : -
-~ contained a b-axnis sample (2 X2 X 10 mm) ina LO5 e dong eavity (B, p, = 051
.® cm). Finally, o NBEYAG L d (1 1 7.5 mm) was placed in the third laser: the

cavity length was chosen to mateh £, 0 == 0510 emoie L= 0.85 em. The pump
wavelength was the same in all eases; equal to 59% nm.

Table 3.6 hLists the results of the quasi-CW o laser measurements, namely,

Y ‘- .
Nl 2 mﬁ,'id:":'}‘l_:' )'S;‘

slope efficieney and anferred cavity Josso The next ta last column lists the
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:. Table 3.6
[ Direct Comparison between
X Nd:MgO:LiNbO3; and Nd:YAG
b
X »_ S S . .
" 1 Slope 7 Cavit_y» PumB ~ Ratio of Laser Measured
" | Laser | Bfficiency | Loss | Threshold | Cross Sections |  Cross Section
‘. baxis | 17.5% | 13% | 7.3mW | 142 | 56 x 1071 em?
W L caxs | 112% | 2% | 21 | 076 | 30 x 1079 em?
]
o | Nd:YAG | 9.8% 2.4% 1w | 1 3.96 X 107'% ¢cm?
.'\ ]
N ratios ( s ) /( s ) , where ‘1" refers to either the b-axis or the c-axis
: ty Fua 1 ty th Jo
' Nd:MgO:LiNbO;3 laser and ‘2" refers to the Nd:YAG laser. This ratio is equal to
o
the ratio of cross sections of both materials according to Equation (1) of Section
i , L NTA . . . . . .
Q) ILA3. The Nd:YAG sample had been already investigated in conjunction with
:;
- the Q-switched fiber laser experiments and was found to have a value of & = 3.96
. X 107! em®. Using this figure and the cross scction ratios given in Table 3.6 we
? inferred the following cross sections for Nd:MgO:LiNDO3: 5.6 X 10719 em? for the
\ high gain polarization and 3.0 X 107! em? for the low gain polarization. {hese
W~
P results compare well with the eross sections inferred from the first method. However,
they depend on the value assumed for the cross seetion of Nd:YAG as well as on
>
g the assumption of identical pump and signal mode sizes in all three lasers.
4
- B. Diode-pumped Nd:MgO:LiNbOj; Lascr
‘
: 1. Introduction
o
¢
2 True CW room-temperature laser operation for the 7 or high gain polarization
D
o in Nd:LINDO3 was demonstrated in our laboratories by pumping a miniature b-axis
W,
& N&:MgO:LINBOy Laser at a wavelength around 210 nm. This result was followed
" . . . . .
,. by the demonstration of diode-pumysed laser action for both the high gain and the
)
l
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2020 0 L M e € TR0 04 NeTh S,y
AN .l‘n'l‘c.ﬁ’ .5‘l "‘a" 'l |.!-‘.i“. "la ﬁ 6t "w. L o Mt Koe % ,ﬂ .:Q‘ahvu‘.nh L ..l a. - l a¥h 4 r"‘ ' .Q q'l &. 3 .. .l. j‘l‘.u‘"‘ "‘O 0."!‘ .‘ M “ vi



-

-
P

QA
S 2 2 P

L
« s
LPLE ™

>
*y

LR, XY
P~

S
Lot

€ €
1 e ¥
=

. ) -
’l
R
A 3 B A

v

a

low gain polarizations. All these lasers operated for extended periods of time (over
an hour for the diode-pumped device) without exhibiting any reduction in output
power.

In this section we discuss the laser performance of Md:MgO:LiNbO3 when
excited by near-infrared radiation. Then we focus our attention on diode-pumping.

Most of the work done under the auspices of the present and previous contracts
has utilized either argon-ion lasers or dye lasers as sources of optical excitation.
They offer several advantages, including high available power (3W from the Ar-ion
at 5145 A). clean Gaussian mode and tunability in the yellow-orange region of
the spectrum (Rhodamine 6G dye). Nevertheless, the ultimate goal in the present
program is the utilization of semiconductor laser diodes as pump sources.

A detailed study was carried out on two types of laser-diode pump sources;
a high-power. single-stripe deviee and a phase-locked, multiple-stripe array. One
of these devices was nsed to demonstrate diode-pumped laser oscillation in

Nd:MgO:LINDBO3.
2. Infrared-Pumped Nd:MgO:LiNbO; CW Laser

The pump exeitation in this experiment was provided by a CR-599 dve laser
operating with the dye styryl 9N The pump beam was focused into the erystal
throngh the tgh reflector mirror with a single 10 em foceal length lens.  The
miniatare laser consisted of a b-axis sample (2 X 2 X 10 mun) inside a resonator
composed of 5 amd 10 cm-radins mirrors. The eavity length was about 1 em.
The pump dye Taser was tuned to the fargest near-infrared absorption peak of the
material. cither 09 nm. for pump polarization perpendicular to the c-axis, or 813
nm, for polarization parallel to the e-axis. The laser operated in the 7 or high-gain
polarization.

Figure 3% shows the measured output power versus absorhed pump power for
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two different output coupler transmittances T. With T = 0.429% the absorbed

pump power threshold was 5 mW. With T = 4.4 the threshold was 23 mW and
the slope efficiency 45%%. This slope efficiency is among the highest slope efficiencies
obtained with a neodymium laser.

No reduction in the output power from this laser was observed at room tems-
perature during a time interval of 20 minutes, which is the longest continuous time
we monitored this device. During this interval, the laser power stability was anly
limited by the stability of the ifrared dye laser pump  This s a gmficant an-
provement over the non-NgO doped Nd'1aNbO3 devices aperated in the past 1n
1975 Kanunow and stulz reported the operation of & Nd LINBOy = paodirzed Tiar
pranped alsoan the nearamfrared anothis case by o lkraon Tewer (8 75000000\t 4
duty oxvele ofondy 3% rhe urpat fromy this Diser Boappeare bontiee i e oo

manutes D operatien dae ve e amfhrence o b T o amg

Thecmrput Leam froan the NP McO TNV O  Laar ol b e e
el b v e i e o f Sy by o S b TN ;
byt b the s the P o w s e T T A
cveral apbe oene sy of e N I O T A ro
S TER N N R R VS A A YR E R SRS ST TR R ' 0
acdl tloe e e phime ot ey e s 0 T T '

Py oy foi TSN B »'[!,\\ fr U '
enge o b e e f IR

3. High Power Laser Diodes for Pumping Nd:MgO:1.iNbO

Untl recently Laser dindes (TDy with curput powers onvveedime 20 W
operating at wavelengths close to STO nme were net commercndhy nnlable e
advent of multipde-ctrpe phase-locked Taser-diode-arrava s helpime 1o overeome the
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- devices has led 1o the development of single-lobed far-field pattern laser diodes
o
with output powers excecding 36 mW. Within the realm of this contract two high
- power T’ were mvestigated with the purpose of using them to pump miniature
- N MO TiINBO L Tasers One s ao multiple-quantum-well, multiple-stripe array
whose catent s coapled direceh mto s muoltimode-fiber pigtal, on loan from Litton
- ~ostems doe The cther s strpe TD parehased from Sharp Corporation.
o AV b hr e e f these paip sources i terms of temperature-
W bt Ty Gt power output polatization and transverse mode-
. vronh T e b et thas section
31 Multiple ~tripe Laser Diode Array
o
Srbee b T s e Daabe Taboratories s aomnlt-
. ' ot U coapled s aann-gaided stripes
Phe sbor-compled package provides
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To raise the diode temperature to the desired value we suppressed the finned
radiator and thermally isolated the diode case from the optical table. The diode
temperature was raised by heat dissipation until a thermal equilibrium with the
surrounding air was reached. At 39°C we measured A\ = 807 nm, in agreement
with the data given previously.

By using a Glan-Thompson polarizer we determined that the diode array output
was either unpolarized or close to circularly polarized. Therefore, the effective
absorption coeflicient of a b-axis Nd:MgO:LiNbOj3 crystal is given by the average
of the 7 and & values shown in Figure 3.9, i.e., 0.9 em™! at A = 809 nm. Radiation
from the multimode fiber was collected and collimated by means of a 20X microscope
objective. then refocused into the 1 cm long b-axis sample. The focusing lens had
f = 5.2 cm. We measured a transmission through the crystal of 499. This figure
does not inelnde the loss due to the lens.

The beam waist after the 5.2 em focusing lens was imaged by using another 20X
microscope objective into a reticon array and is illustrated in Figure 3.10. Most of
the beam energy was concentrated in an inner circle of diameter ~ 150 gm which
is surrounded by a larger annulus of diameter ~ 300 gm. In spite of the short
focal-length lens used, the waist radius is very large, one order of magnitude larger
than the waist radius of a focused Gaussian heam having the same diameter before
focusing. This can be attributed to the spatial incoherence of the radiation coming
from the highly multimoded fiber pigtail.

An attempt was made to pump a b-axis Nd:MgO:LiNbO3 miniature laser with
the radiation from the laser diode array. The details of the experimental set-up and
cavity alignment are similar to those discussed in Il11.B.4. The output power from
this LD (30 mW incident, 11 mW absorbed) was not enough to reach oscillation
thre<hold. Since the focused LI beam waist radius is, as we said before, one order

of magnitude larger than that of a focused Gaussian beam, the threshold should be

-":A!J,Q!l,qls



Figure 3.10--Transverse Mode Profile of the L.D. Array

Beam after an £ = 5.2 cm Lens and Imaged
with a 20X Objective. Horizontal Scale:

1.3 mm/div.
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2 two orders of magnitude higher.
4::“ A multiple-stripe, phase-locked diode array without a fiber pigtail exhibits a
::: two-lobe far field pattern. Each lobe is spatially coherent and, thus, it can be
. focused to a tens-of-microns spot. Besides focusability, such an array has the same
é: - characteristics as the array described in this section. It would be very convenient
’::3 ’ to acquire one of these arrays for future diode-pumped laser work.
A
:ES: 3.2 Single-Stripe Sharp Laser Diode
r: The diode L,TO15MD can provide 30 mW of output at a wavelength of 830 +
.: 15 nm. Upon our request the vendor selected a diode whose wavelength lies within
.': the lower interval of the specified range. At room temperature this wavelength is
~ 820 nm.
. ‘ This LD must be cooled in order to attain a strong near-infrared absorption
,"‘ peak of Nd:MgO:LiNbOj3 (see I'igure 3.9). A solid copper holder fabricated earlier
E}.,E under this contract was used as a heat-sink. A small trapezoidal holder supported
:’;. the LD, its inner walls being in good thermal contact with the diode case. Each side
5:. \ face of the trapezoid was pressed against a planar thermoelectric-cooler whose hot
::é i surface firmly contacted the heat sink. With the aid of the thermoelectric ccolers a
. A temperature gradient as high as 30 °C could be achieved between the diode holder

and the heat sink {room temperature).

The output from the single-stripe Sharp diode was collected and collimated by
a 20N\ microscope objective. The collimated beam was refocused by using a 10 em
focal length lens into a 1 em long b-axis Nd:MgO:LiNDbO3 erystal. Transmission
through the sample was recorded as a function of laser dinde temperature, and the
results are shown in Figure 3.11. Prior to the measurement the polarization of
the diode laser beam was adjusted to be parallel to the crystal c-axis {r-polarized).

Comparning Figures 3.9 and 3.11 we conclude that this particular laser diode must

X3
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f_‘f{f be cooled to about 0 °C to emit at the 813 nm peak-absorption-wavelength. The
. corresponding rate of change with temperature is
R
g
,0
NN ANAT =7nm/25°C ~28A/°C (3.9)
2 \ The transverse profile of the LD beam was analyzed by means of a Reticon array
by
;‘g of silicon photodiodes. The beam cross section after the 20X microscope objective
, was elliptical with 1/e2-axes of 1.88 and 4.98 mm respectively. The ratio of axes
r.!'
)
:E:: (2.6) is approximately equal to the ratio of divergence perpendicular to divergence
o
:::: parallel to the diode active layer as specified by the manufacturer. This laser diode
ol
h. was damaged during its characterization, and it was replaced by a similar diode
&
o provided by another research group at Stanford.
h‘:’
o
‘W 4. Laser Diode-Pumped Nd:MgO:LiNbO3; CW Laser
.
‘.
i k 4.1 Experimental Procedure
"
')' The miniature laser consisted of a 3 em long resonator composed of 10 ecm and
.:;: 2.5 em radius mirrors and containing a 1 em long b-axis sample. The laser-diode
’:h. utilized was a Sharp LTOI5MD model very similar to that described in Section
a
iy IM.B.3. This diode emitted at a wavelength of 86 nm at room temperature.
‘;:; It needed to be cooled about 10 °C' to reach the &23 nm absorption peak of
iy
.
v ‘ Nd:MgO:LiNbOy (see Figure 3.9). At this particular wavelength only half of the
U
= power incident on the crystal was ahsorbed.
;3 The near-infrared radiation emitted by the L.D. was collected and collimated
";“:-' by a 20X microscope objective. This collimated light, and the 598 nm beam from
oA the Rhodamine 6G dye laser were combined by a special beam splitter. The splitter
..@ transmitted about 8¢ of the visible light and reflected close to 100°¢ of the near-
: infrared radiation incident at 15°. Both beams were focused by a 10 em focal-length
L/
"y
]
W 85
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" ) lens into the crystal passing through the front high-reflector mir:or.

Cavity alignment proceeded as follows. First, the pump beams were positioned
to be collinear by adjusting the micropositioners supporting the collimating micro-
scope objective. Then, the LD beam was blocked and the miniature resonator align-
ment was performed under Rh 6G laser pumping alone. A chopper was required to
avoid photorefractive damage due to the visible pump illumination. When lasing

was attained, the L.D. beam was unblocked and cavity alignment was refined. A

sharp increase in the Nd:MgO:LiNbOj laser output power was ohserved when a

AR
" .
' good mode overlap between the laser beam and the two pump beams was achieved.
D ‘,
55
v , . . . . . . .
RO The final adjustment consisted of displacing axially the laser cavity trying to over-
N
A S . . . .
lap the signal waist and the laser diode beam waist. The last step was necessary
R
"" because due to the differences in wavelength and size between the two pump beams,
A
'
2& they were focused at slightly different locations. Finally, by blocking the dye laser
!
beam we verified that the L.D. pump excitation alone was sufficient to sustain laser
Lk ")
ety .
e action.
g
:'b‘ 4.2 Experimental Results
W . . . . . .
'," " We already reported in Section ITLB.1 that photorefractive damage is almost
G
% nonexistent in Nd:MgO:LiNDO3z ‘a’ or *b’ axis lasers pumped at a wavelength of
)
\) . . . . . . .
Y’ 810 nm or higher. We also verified the significant reduction of photorefractive
e
R . . . . , .
A damage under diode-pumping conditions. The (7-polarized) Nd:MgO:LiNbO3 laser
S , : : : : :
NS operated in true continuous wave mode during periods of one hour in duration
’ oS
\ '. . . . . . . . .
.': without exhibiting any reduction in output power. In addition, the short-term laser
5 output stability was much better than under infrared-dye laser pumping. This
P
o . .y .
e improved performance was due to the better power stability of the laser diode source
K -
S : - .
W which could be temperature-stabilized by an electronic feedback loop.
R - | -
" Fhe Jaser output power at 1.0R5 gym was measured versus absorbed pump power
#,
oy
ey
WY
Y ¢
R
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o
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at 823 nm. These results are shown in Figure 3.12. The two curves correspond to
different output mirror transmittances T. With a 0.8% transmissive output mirror
the absorbed pump power threshold was 4 mW and the slope efficiency 37%. By
using a nominally high reflector mirror the threshold was less than 2 mW. This
latter value is about the same as the lowest threshold reported in the literature for
diode-pumped monolithic Nd:YAG laser oscillators. The maximum output power
observed was 2 mW corresponding to an absorbed pump power of 9 mW. With the
same incident pump power {(~ 20 mW), this output power could be increased by a
factor of two if the laser diode wavelength was 809 or 813 nm (because of the much
stronger absorption at these wavelengths).

Diode-pumped laser action was also demonstrated in a c-axis Nd:MgO:LiNbO3

crystal (low gain polarization). The absorbed pump power threshold was 8 mW.

4.3 Alignment Method

We have proposed and utilized a laser alignment method that uses two col-
linear copropagating pump beams, one of them more intense than the other. A
special beam splitter combines the two beams. We have been able to demonstrate
Nd:MgO:LiNbO3 lasers pumped by a laser diode by using this method. Its main
advantage resides on the fact that it allows an easy lateral and axial mode-overlap
of the two focused pump beams. The method is particularly useful when the laser
diode power is not much higher than the threshold for operation of the end-pumped
laser. However, it offers the disadvantage of locating the diode source relatively far
away from the cavity. Therefore, the tolerances on the positioning of the collimating
objective are very stringent.

An alternative alignment method was utilized in the predecessor to the present

contract. In this second method one of the pump beams is focused through the front

laser mirror. The other pump beam is focused through the back laser mirror by a
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different lens. Because of the use of two different lenses a good mode overlap between
the two counterpropagating pump beams is more difficult to attain. Attempts to

obtain diode-pumped laser action by using this second method were unsuccessful.
C. The Photorefractive Effect in Nd:MgO:LiNbO;

Recent studies made by Bryan, Gerson and Tomasche® indicate that the addi-
tion of MgO into LiNbO3 causes a hundredfold increase in the photoconductivity o,
of this material. The increased o, implies a significant reduction in the refractive-
index changes caused by the photovoltaic effect. The resulting improvement on
Nd:LiNbOg3 laser performance is readily apparent from the demonstration of true
CW room temperature laser action for the 7 polarization (see Section II1.B).

In this section we discuss the effect that the increased material photoconduc-
tivity has on both CW and Q-switched lasers. For the latter, we show that an
internal screening field is generated. A detailed study of the screcening field as well

as a simple way to overcome it are also presented.
1. Effect of Increased Photoconductivity on CW Lasers

In non-MgO doped LiNbOj3, 0,4 is so low at visible wavelengths that the
influence of external electric fields on photocarrier transport is negligible. These
carriers are generated by donor impurities (like Fe®t) when illuminated by short
wavelength radiation. In non-MgO doped LiNbOj3 the dominant photocarrier trans-
port occurs along the e-axis due to the bulk photovoltaic effect.

The photovoltaic current density Jpp, (along the c-axis) is given by:

J,,h = kﬂlph (3.10)

where & is the photovoltaie constant which depends only on the wavelength and the

* Applied Physics Letters 44, 847 {1984).




i ol Ahsi. ALI asfe e Abih dibi aublh kil deide ad itk i ik S adbicadle - ol oa il S ids ol ol albl ab A el - ol ol =l B b i AR o R R o S

nature of the absorbing centers, a the absorption coefficient of these centers and
I, the illuminating intensity.

When the carriers reach the edge of the illuminated area, they are trapped,
producing an internal space-charge field E, directed along c. This field is respon-
sible for the refractive-index variations, via the electro-optic effect, that distort and
scatter the light beam. This effect is particularly important when light propagates
perpendicular to ¢, because the charge separation is then on the order of the
pump beam radius (a few tens of microns). It is well known that in LINbOj3 the
photorefractive space charge disappears when heating the crystal above about 150
°C. However, in the present work we were interested mostly in room-temperature
devices.

The field I, generates a photoconductive current J,, that opposes Jy;. Jop i3

given by:

Jap = Uph(Iph)Eec (3.11)

op is directly proportional to I; this dependence is implicit in Equation (3.11). In
this equation we have assumed that the dark conductivity o4 is much smaller than
opn. I this is not the case, the total conductivity opn(los) + o4 should replace oy
in Equation (3.11).

A dynamie steady-state is reached when J;, = J,4. From this condition we
can deduce the maximum space-charge field or saturation field Eege. [Feqs 1s found

by equating Fquations (3.10) and (3.11).

kal,p
Uph(lph)

ksat =

(3.12)

In this expression Ly appears in both the numerator and the denominator of the

richi-hand side. As a result, [, is independent of the illuminating intensity. This

"'"F""'i""
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:'.: conclusion is valid if 6,5, >> 04. In non-MgO doped LiNbO3 FEyr ~ 10° V /em
- which accounts for a refractive index change of ~ 1073,

W,
ko A hundredfold increase of o,y in LiNbOj3 due to the addition of MgO results in
i
';: a significant reduction of Fyq. According to Equation (3.12), Ezqr ~ 103V /cin for
-q . MgO:LiNbO3. The corresponding refractive index change is on the order of 1072
N The scattering and distortion of a light beam due to this index variation is very
" small.

. The reduced scattering loss is greatly beneficial for a-or b-axes lasers. It made
s : , : : . :
" possible room temperature, true-CW laser operation for the 7 or high gain polariza-
~:: tion as previously stated. We could also achieve room temperature, true-CW oscil-
e lation in c-axis crystals (low gain polarization). However, the effect of the increased
N oph on the latter devices is unclear. For this crystal configuration the carrier migra-
. tion along the c-axis results in an accumulation of charge near the end faces of
"
( the crystal. The effect of this charge on light scattering should be small indepen-
‘-_ dently of o,4. Therefore, it is possible that c-axis non MgO-doped Nd:LiNbO3; C'W
»:: lasers also exhibit small photovoltaic photorefractivity simply because of the crystal

configuration.

e
b

- 2. Effect of Increased Photoconductivity on Q-switched Lasers

° In a Q-switched c-axis laser, an clectric field 1s apphed along the a-axis during

- the low-Q state (~ee Sections [TILD and HLEF). Due to the increased oy, a significant
Tt
3 amount of photogencrated electrons drift along the direction of the applied field
-
" (a-axis). They are trapped outside the illuminated area producing a space-charge

field which masks the externally applied field. Since no photovoltaic effect is

present along the a-axis, the steady state of carrier transport is reached either after

AR EREIE )

complete iomization of the donor impurities or when the net electric field inside the

Hlnminated area is zero. Clearly. for Q-switched operation the second sitnation
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,’:':‘:: must be avoided. In addition, earlier measurements of photorefractivity in LiNbO3
K

’ (Chen, 1969) indicate another type of steady state at low intensities. This occurs

o

U

o when the carrier retrapping rate exceeds the rate at which the carriers drift out of

B2

: the illuminated area. In the next subsection a detailed investigation of the screening

:Q. ’;

!’r‘, field is presented.

B\

AN . .

%_-. 3. The Screening Field

WA

. 3.1 Measurement

S

N . ] . .

"he To determine the strength and build-up time of the screening field we measured

e

AL the response of a c-axis laser to step increments in the applied voltage. A typical
i time evolution of the laser output is shown in Figure 3.13 for the c-axis laser operated
s

: __ under continuous-wave pumping at 598 nm. At { = 0 the laser was operating three
" times above threshold. At ¢t = ¢; a D.C. voltage of 290 volts was applied to the
Qe crystal to suppress laser action via increased loss at the Brewster window. For
k-

-E't- t > t; the laser cutput built up as a result of the generation of the internal electric
b s

o field and the consequent reduction of the net clectric field inside the illuminated

'_:‘: zone. At t = {5 the applied voltage was turned to zero and, as a consequence, the

h

; N laser output vanished under the action of the internal field alone. For t > 5 laser

Bt

A oscillation built up again due to the relaxation of the internal field.

{ I

b The time 7, required to create a significant internal space-charge field can

(-4

:-j be inferred from Figure 3.13. The portion of the curve that corresponds to the

>

;:' generation of the sereening field (between ¢ and ¢3) can be approximated by an
@

SN exponential of the form A [1 — exrp(—-)] with A = 0.9 and a characteristic time
~ 13

Soll - C . . .

; i—.: Tee Of 23 sec. The characteristic time for relaxation of the field is about the same.

"

‘% . . . . CoL

s Figure 3.13 also shows that the built-up laser output attained 907¢ of the initial

X o output power. This indicates that the applied voltage was almost entirely screened

D)

DO, by the internal ficld. These results elearly indicate that a strong sereening field can
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%%

. ]

B 93

LGt AL NN T Y
SO L P Gt et 7 € e {2 Tr]

TR PR N Yy

= ! < - n -"\('-':-p‘ n e
o 4.." s Y AAY .Q’.‘pl..-', 2 .lq,.l LYy 6 L7 "



YW W —vvvﬂ

*A19AaT309dsay L,WO/MY 7 pue MW (LE . 2I°

‘yzbus Te3sLID 92Ul I9A0 pabexaay ‘A3Tsusjzul burjeu

-TumTTI dumd pue xomod dumd 9yl “‘piotd butussios

1 Teuxajul 3yl JO (UOT3IEXEeTaYy I0) UOTIRIBUYH
3yl o3 anp aamod 3ndanQ Isser] ayz Jo dn-prIing--€1°¢ L2anbryg

m (uiw) 3NIL
m 8 9 b 2 0
3 =T T T T T T T T 0
i =
| :
3 0 =
_ >
W C
] N
3 m
“ O O I
p r ™
J v (=2
3 % [}
: 09
m o
3 C
. 3
m I o8 2
2 -
W nO -
" o

. . «

ARG A b Sbeidid o aBdBER 2 2 £ S LR




ﬁ'}"" MR M|
ik
15y
E be produced (on the order of 229¥ &8t = 1.5 kV/cm or higher).
;:.’; The build-up of laser oscillation due to the generation (or relaxation) of the
‘ :3 internal space-charge field was measured for different pump powers, applied voltages
§‘: and lasing portions of the crystal (lasing spots). In most cases, the laser output
"f: evolved in time in a way similar to the one illustrated in Figure 3.13. However,
% ‘s some unusual time-evolutions, like the one in Figure 3.14, were also encountered.
i' In Figure 3.14, the laser output, when applying a D.C. voltage, exceeded the initial
output Py for t3 > ¢ > to. Besides, the laser output after removing the voltage
2 did not increase monotonically as in Figure 3.13. Instead, the output increased to
3 a maximum higher than Py and then decreased. A possible explanation for this
Uﬁ: behavior is that, before applying the voltage, the angular alignment of the crystal
Li for that particular lasing spot was not optimized with respect to the axis of the
':E} Brewster plate. As a consequence, a slight increase in the birefringence due to a
__“ small net electric field Fy could increase instead of decrease the output. However,
:,‘ for net electric fields E higher than E| the output was reduced and eventually
:5\ suppressed. Thus, Figure 3.14 can be explained as follows. At ¢t = ¢t;, 270 V are
! applied to the crystal producing a net field E high enough to suppress laser action.
) E:. For t > ty, E decreased due to the generation of the photorefractive space-charge
". ficld and reached a steady-state value close to Ej. The final laser output power
O

was, therefore, higher than Fy. At ¢ = {3 the voltage was removed. The output

ey

y » vanished under action of the space-charge field. For ¢ > {3, E decreased due to the
NS
) o
.:::.j relaxation of the space-charge. The laser output reached a maximum when F ~ )
Tt
T and decreased with further reduction of E.
Sy
N .
Yo 3.2 Interpretation of Data
*-::;
"
In the previous sub-section the functional form of the built-up power versus
N time curve was assumed to be 1 - e~/ with the purpose of estimating the charac-
\
Y
e
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teristic time 7,.. This functional form should be rather associated to the build-up of
the space-charge field in which case the cavity loss (in the small loss approximation)
decays exponentially and, therefore, the assumed output power versus time depen-
dence is not correct. Nevertheless, the value estimated for 7,. is correct within an
order of magnitude. In this section we examine more carefully the time dependences
of the output power and the cavity loss, particularly in the region ¢; < ¢t < ta of
Figure 3.13.

The output power P(t) can be expressed in terms of the ratio of signal to pump
frequencies v, /vy, the output coupling T, the cavity loss 89 + 6(t), (where &g is the
zero-voltage loss and é(¢) the loss due to the nct electric field), the absorbed pump
power P, and the threshold power P, in the absence of time-dependent loss, as

follows

Vg T

= &vre

{Pabe - Pm{l + ﬂt—)” (3.13)
bo

The initial or zero-voltage output power Pp is found by making é(¢{) = 0 in this

equation.

pO = __(Paba - Pth) (3-14)

P(t) -
— =P == r bn Iy N
By = Il = —T5 (3.15)

where r = Pypo/Pin. We see from this equation that if the loss §(f) decays exponen-
tially as 8¢~/ + 65, then the normalized output power versus time dependence
is more complicated than 1 - et/™<. Conversely, the actual time dependence of §(t)

can be inferred from the measured output power versus time curve and,




6(1) _ 1= Palt)

L+ P

The time-evolution of the cavity loss 8(t) corresponding to the screening field

(3.16)

generation in Figure 3.13 was determined by applying Equation (3.16) to the cor-
responding experimental points. An analysis of the data concluded that 8({) does
not decay as a simple exponential of the form 6re~/ + 8 but the decay time
increased from an initial 7,, ~ 25 sec to ~ 50 sec. Further investigations are

necessary to determine the reasons for this behavior.

3.3 Elimination of the Screening Field

During Q-switched laser operation, to avoid the generation of the screening
ficld, we applied the voltage in the form of pulses of alternating polarity. This
procedure effectively eliminates the screening field if the characteristic time 7. is
much longer than the pumping interval 7,. In this way only a small amount of
photocarriers is generated during each pumping interval, and the contributions from
consecutive voltage pulses to the average internal field tend to cancel each other.
The condition is fulfiled since 7, ~ 25 0r 50 sec > > 7, = 700 psec.

To generate the required voltage waveform we built a simple circuit consisting
of two common-emitter stages, each containing a single avalanche transistor. Each
stage is triggered on alternate pump pulses and provides voltage pulses of adjustable

amplitude, between 0 and 350 V.

D. The Electro-optic Effect in Nd:MgO:LiNbO;

Lithium mobate has been widely used both as an amplitude and as a phase
electro-optic light modulator. The electro-optic properties of Nd:MgO:LiNbO3 are
expected to be very similar to those of LiNbOj. In fact, our measurements indicate

that the electro-optic coefficient of interest for Q-switching is the same in both
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e Table 3.7
) Electro-Optic Coefficients (cm/volt)
g
L "
.-, e -10 | -10
o, . r33 =308 X 10 » = 28.0 X 10 7
K 3 =286 x 10710 reo = 3.4 X 107!° (high frequency)
: — -10 ¢
- L , , = 6.3 X 107" (low frequency)
o
.:.
" LiNbO; and Nd:MgO:LiNbOj3 (Section I1.D.3). We start by reviewing the main )
K
d features of the linear electro-optic (or Pockels) effect in these materials. Our goal is
" to identify the most convenient configuration for the optimum design of an intra-
:Z cavity amplitude electro-optic modulator.
")
‘~' Lithium niobate is a uniaxial crystal belonging to the 3m point symmetry
" group. Consequently, the electro-optic tensor for this material contains only four
‘ non-vanishing independent coeflicients. The values of these coefficients are listed in
’
' Table 3.7. Wave propagation in anisotropic crystals is conveniently described by
- means of the impermeability tensor b which relates the three components of the
. - )
e dielectric displacement vector D to the three components of the optical vector 2. It
- . .
. can be shown that for a given direction of wave propagation there are two orthogonal
. polarizations for the D vector, called eigenpolarizations, to which we can associate
Yo a well defined phase velocity and refractive index. If the light wave is not polarized
' along one of these priviliged directions, it won't propagate through the crystal as a
: pure wave, but instead it will split into two orthogonally polarized waves traveling
at
at dilferent velocities. To find the eigenpolarizations and their associated refractive {
ek . . . .
I, indices the usuwal approach consists of diagonalizing the b tensor and then to use the
-
. - so-called index ellipsoid, or optical indicatrix to obtain the indices. For an uniaxial
5
“ . .
<.: crystal the principal values of the b tensor are by = by = ;‘5 and bgz = ;}2— where
Y 0 3
54 ng and n. are the ordinary and the extraordinary refractive indices respectively.
E Upon application of the external electric field i:, the b tensor is modified and
‘&
b~ the eigenvalue problem must be solved again. Figure 3.15 shows the b tensor for
b
ht |
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LiNbO3; modified by the application of an E-field (in the principial axes coordinate
system). To reduce the voltage requirement it is preferred to apply the E-field
perpendicularly to the direction of propagation (transverse E-field). Under these

conditions, three possible configurations can be identified, as discussed below.

1. Configuration for a Transverse Intra-Cavity Amplitude Electro-
Optic Modulator

Configuration 1 - Propagation along the ¢ or z axis and E-ficld applied either
along x or y (a or b). When only E; is applied, the eigenpolarizations are at 45°
with respect to the x-y axes. When only E, is applied the eigenpolarizations remain
parallel to the principal axes.

Configuration 2 - Propagation either along x or y and E-field parallel to ¢. In
this case the eigenpolarizations remain parallel to the principal axes, ie., x and 2z
for propagation along v, or v and z for propagation along x.

Configuration 3 - Propagation either along x or y and E-field perpendicular to c.
Under these conditions the polarizations are rotated with respect to the principal
axes by an angle that is a function of the applied ficld. However, this angle is
exceedingly small even for applied fields over 103 V/mm.

Figure 3.16 shows the eigenvalues of the tensor b for these three configurations.
When passing through the crystal the two eigenpolarizations experience different
phase delays ¢; and ¢2 given by ¢ = "‘f-nil, where i = 1 or 2, LL i1s the crystal
length, X the wavelength and n; is the refractive index associated with the if?
eigenpolarization. The difference in phase delays @) — ¢ for the three configurations
is listed in Figure 3.16. In our computation, the applied E-field equals V/d, where
V is the applied voltage and d the separation between the electrodes.

Inspection of Figure 3.16 (particularly column 5) reveals some important
similarities and differences between the configurations. First, the change in birefrin-

gence induced by an applied voltage V' is proportional to the quotient 1./d (1./d?

100

»
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:,. for the third configuration). Therefore, a given voltage will be more efficient (i.e.,
) produce a larger change in birefringence) when the separation betwen electrodes
)

v

'j is much smaller than the length of the crystal. In the case of a longitudinal
L

o amplitude modulator d = L, and for this reason the transverse modulator is
¥

‘ preferred. Second, the birefringence induced by an applied voltage in configuration
K 3 3

; 1 is proportional to reand = 6.9 X 107° em/V which is smaller than %eR2-Roma
3 1078 ¢m/V" (configuration 2). Also we may expect that the factor ri(~ 10"221‘1};
22t

will significantly reduce the induced birefringence in configuration 3. Consequently,

e

s configuration 2 is more efficient that the other two. This point will be discussed
s

Q)

':‘ further when we address the question of Q-switching.

b

5 2. Design of a Nd:MgO:LiNbO; Q-switched Laser

}. 2.1 Review of Electro-Optic Q-switch Operation
P The two most common arrangements for an electro-optic Q-switch are shown
A in Figure 3.17. In both arrangements the polarizers are set at 45° with respect to
:: the principal axes S the electro-optic cell. Light reaching the cell splits into two

I I I g p

o orthogonal and independent components that experience different phase shifts when
o

. passing through the cell. The phase delay difference is a function of the applied

voltage as indicated in Figure 316, column 5.

@Ay

. in the arrangement of the top of Figure 3.17, a quarter wave voltage Vizg must
T be applied. 100 a phase delay of =/2. to keep the laser in the low-Q) state. The
>

lmearly polarized beam is transformed into circularly polarized by the eleetro-optic
-
Jie. crystal. Later, it becomes linearly polarized again but at 90° to its initial direction
. _
v and. thus_ it is rejected by the polarizer. Turning off the applied voltage restores
- '

the cavity high ().
P In the second arrangement. the cavity loss is maximmm with zero applied
o \ p
? . ‘ .
’ voltage Lecause the polarizers are erossed. Applying a half wave voltage Vi to
. 2
L4
[
o

)

o 102
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Figure 3.17--Common Arrangements for Q-Switched
Laser Operation. (From Koechner,
Solid State Laser Engineering.)
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Table 3.8

Quarter Wave Voltages

V4 for a Bulk V4 for a Fiber

i I
| ! | '
Configuration Vi | Laser (L/d = 5) | (Laser L/d = 125) |
: [ : - ;
1 4+‘,i ! 812 volts ! 32 volts ’
nyroe L k l 1
2 ,,——Tk—s% | 488 volts ! 20 volts |
_ 2niryy—ngrya) ) |
3 S/ Y 110 kilo volts | 4.4 kilo volts |

\/‘Enun,r,-; \/E

the cell enises a 90° rotation of the plane of polarization, thus, turning the cavity
from o o hngh-Qo I this case an electrie field E must be applied to transmit the
Beame Becaase of the lower voltage required, the first arrangement of Figure 3.17

vocfren preferred and ot s the one we will adopt.
2.2 Evaluation of the Three Configurations

The fiest citerion for evaluation consists of a comparison of the quarter wave
voltages Expressions for Vi gin terms of the refractive indices ng = 2.2 and n, =
217 the erystal dimensions ILoand d the wavelength X = 1.09pgm. and the relevant
electro-optic coeflicient are given in Table 3.8,

In configurations 2 and 3 the ervstal exhibits a natural birefringence that mnst
bhe compensated cither by an applied voltage or by an external retardation plate.
In this case we define Vypas the voltage required to induce a 7/2 phase delay
difference after the natural birefringence has been compensated.

Table 3.8 lists xome typical values of Vi for two deviees of interest. The first
is a bulk laser with L = 1 em, d = 2 mm. The second is a erystal fiber laser of
diameter R0 goi and length 1 em.

From Table 3.8 it is clear that configuration 2 is the most interesting since it

has the lowest quarter wave voltage. However, this configuration exhibits two major




£
’l
’
~
a" . N . .
" drawbacks when compared to configuration 1. First of all, as stated previously, it
‘~
v . . . .
1s necessary to compensate for the natural birefringence of the material. A more
"
a . L . L . L
e serious objection has to do with the polarization properties of the laser radiation
- in a or b axis Nd:MgO:LiNbO3 crystals. Laser action in configuration 2 or 3 is
'
¢ . accomplished with the lasing field being linearly polarized either paralle! to the
~
<
o crystal ¢ axis (7 or high gain) or orthogonal (low gain) to it (see Section HILA).
o
R
o
[ Laser mode competition prevents simultaneous oscillation of both polarizations.
.t
Therefore, in configuration 2 the crystal tends to lase with the E-field polarized
‘) along one or the other erystallographic axes. An applied voltage cannot change the
W
K state of polarization of this field unless it induces also a rotation of the principal
P >
o axes. This does not occur in configuration 2. The axes do rotate in configuration 3
A
- . . . . .
. but the angle of rotation is exceedingly small even for very high applied voltages.
‘-‘
o We conclude that configuration 1 is the best suited for Q-switched operation. Its
{ main characteristies will be deseribed below.
o
. -
. ? Q-switching in a C-axis Crystal (Configuration 1)
B
- In the case of configuration 1 the luser host LiNhOg3 does not exhibit any
a priviliged polarization direction. As a consequence, the fluorescence emitted by the
o
L~ active ion Nd3* i< unpolarized. When lasing occurs. the polarization of the F-ficld
-
2
<o
® is fixed by mechanisms non-intrinsic to the laser medinm. e g, preferential losses, a
M '
“ . . .
. polarizer. or pump polarization
In this configuration the medinm does not exhibit a natareal hirefringence, onh
-~ ’
® - ordinary waves (refractive index ny) propagate through Under the influenee of an
:" apphed voltage an induced birefringence appears. This birefringenee is given by
-
h,
»
o] .V
] An = Nbrgg—[ (3.17)
. ‘
,.:' ‘”I“ vahire of the mdaeed lurvfrinp,-'nu- (lf)l‘\ not (ll']w'ntl ol lh(- (lirm-fiun uf llu-
*
o
7 105
-13“; '-f.':.\.'“.;.."-_.:"‘.. ' L ) ..A/‘;F.?'_‘-‘\“..‘"("".;:'\ﬁm:-»’\*\"_"qv_'{“q.;“ﬁ,t;,'-."*..;_\';.i‘;u'.‘;h","-.; ; ;[ \.:}\'.;k;_ '..:'.‘."‘\;.‘ ."\:ﬂl‘.'\.\.,';:~ "".;. :_\:’“.:r‘.,:h
A » * VY T A 5 L AT LT AT NS A e AR &mMMA'AMMRWmMMM'MuﬂMALMj




il
K k.- gy":r .J‘-""?‘.'

*

TN YO YT N WO W TR oW WO WNT v . VoW W T ST

applied E-field. However, it can be shown, by diagonalizing the reduced imper-
meability tensor, that the principal axes are rotated under the action of this field

by an amount that depends on the direction of the field as follows.

0= p/2 (3.18)

where # is the angle by which the axes are rotated and 3 the angle between the
external E-field and the original y axis. The rotation is maximum and equal to 45°
when the field is parallel to the initial x axis (8 = 90°). This case can be fully
exploited to realize a Q-switched laser.

Referring to Figure 3.18(a) assume that an intracavity device forces the c-cut
Nd:MgO:LiNbOjy crystal to lase with the E-field paraliel to the crystallographic x
axis. This device can be a low loss polarizer or a thin transparent plate set at
Brewster's angle. Upon application of an E-field along the x axis the principal
axes are rotated by 45° as stated previously and they occupy the positions x/ and
y! as shown. If the applied voltage is equal to the quarter wave voltage for the
material, the crystal behaves exactly like a quarter wave Pockels cell as in Figure
17(a). Thus, we can achieve the integration of a laser medium and an clectro-optic
cell into the same crystal rod. This device will be named ACTIVE INTERNALLY
Q-SWITCHED LASER. Cutting the end face of the crystal at Brewster's angle as

illustrated in Figure 3.18(b) can eliminate the need for the polarizer.

3. Measurement of the Electro-optic Coefficient

For Q-switched operation, it is the low-frequency roo coefficient that determines
the voltage required to hold off laser action (Section HI.D.2). Thus, we set up an
experiment to measure this coefficient in Nd:MgO:LiNbO3. The crystal utilized
was a thin, c-axis slab, 200 ym wide, 8 mm long. The probe beam was provided

by a CW Nd:YAG laser operating at 1.064 gm. By using this long wavelength we
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o
b3
‘{: assured a neghgible absorption of the photoreractive centers and, thus, a negligible
" : screening field (sce Section ). The sample was placed between two calcite polarizers
E having their axes parallel to each other. The transmission through the sample was
‘;'C:: monitored while aplying a DC electric field parallel to the erystal x-axis. To focus
Ve
. the beam to a diameter compatible with the sample’s thickness, a [ = 7.8 cm
::T_‘ positive lens was placed between the first polarizer and the sample.
f‘?. We found that the transmission through the crystal was minimum for an
- applied voltage of about 170 volts. In the configuration that we studied this should
:E:‘s: correspond to the half-wave voltage of the crystal Vl/z- The coefficient ros is related
EEEE‘ to Vs by the following expression:
A,
W
v;% Vijs = —2n;r‘;L (3.19)
i : where the ordinary index is n,=2.2, the crystal dimensions are d=0.02 cm and
N L=0.8 cmn, and the wavelength is A==1.064 um. If we take as ros the low frequency
.f';:: (or constant stress) electro-optic coefficient of lithium niobate, 6.3 X lO"ocm/V and
., replace these valnes in the equation we obtain
2
5
:J‘, Vije = 198 volts (3.20)

\

T
"l"l

® The caleulated value is in good agreement with the measured voltage, indicat-
J ing that the low frequency roo electro-optic coefficient for Nd:MgO:LiNbO3 is ap-
.';t‘; proximately the same as for congruent LINbO3.
v
": E. The Elasto-optic Effect in Nd:MgO:LiNbO;
) "; Researchers in the past have found that the piezoelectric character of LiNbO3
!
r Q-switches can seriously affect the efficiency of a Q-switched laser by creating a
..;I\ time-dependent loss via the elasto-optic effect. In LiNbOj3 Pockels cells the applied
)
“
\": voitage induces a mechanical compression of the erystal via the piezoelectric effect
Y
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which remains for some interval of time after the voltage has been removed, creating

an additional bircfringence modulation via the elasto-optic effect. A polarization

::‘ sensitive element inside the cavity transforms this modulation into an additional
S time-dependent cavity loss. The acoustic oscillations following the initial relaxation
. * of the compression were considered irrelevant for Q-switching due to their long
i . periods, on the order of several psec. In our experiments we found that these
E oscillations had a significant influen.e on device operation when pumping close to
" threshold. The reason is twofold. First, to reduce the voltage requirement we made
' the crystal transverse dimension several times smaller than that of conventional
‘,' LiNbO3 Q-switches. The periods of the piezoelectric resonances were thereby
- reduced to the sub-usec range. Second, when pumping close to threshold the pulse
build-up times become comparable to the acoustic periods.

In this section we present a careful investigation on the influence of
" piezoelectricity and the elasto-optic effect on the behavior of Q-switched
':' Nd:MgO:LiNbOj3 lasers. The section starts with an experiment to investigate the
i' transient elasto-optic effects in Nd:MgO:LiNbO3, MgO:LiNbO3 and LiNbOj.
4 1. Transient Response of LiNbO3 Modulators to an Applied Voltage
; Step
4
; The experimental setup consisted of a HeNe laser emitting at 1.15 gm, a focus-
: ing lens, the crystal under investigation placed between crossed caleite polarizers,
-E a small-arca Ge detector and a 5 MHz bandwidth amplifier. The long wavelength
E radiation was chosen to avoid the generation of a screening field. The beam was
i; focused in order to probe different small areas of the crystal. The samples studied
K werea 5 X 5 X 25 mm LiNbOj3 rod, a2 X 1.5 X 10 mm MgO:LiNbOj3 crystal and
E- Nd:MgO:LiNbO3 rod (2 X 2 X 10 mm). The last two erystals contained the same
. percentage of MgO (57¢). In all cases, light propagated along the c-axis and an
2 electric field was applied along the a-axis. The applied voltage was switched from
..
¢ 109
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several hundred volts to zero in a time interval on the order of tens of nanoseconds.

It had the shape shown in the lower traces of Figures 3.19 and 3.20.

. - - -
. X
-
P -~ ~ ol 3% 0N

>

X The transmission through the LiNbOg rod was displayed on an oscilloscope and
%-:i is shown in Figure 3.19 (upper trace). As the figure indicates, just after the voltage
‘:‘2 switching the crystal undergoes several superimposed acoustic oscillations having
&;{3 periods of 1 usec and 2 psec approximately.

?’:’! We also measured the frequency response of the LINbO3 amplitude modulator
5 by applying 40 volt peak to peak sinusoidal waveforms. The polarizer axes were
_}E set at 45° to each other in order to bias the modulator to the linear part of its
;‘35 characteristic cosinusoidal response. The frequency of the applied signal voltage
A‘ ’ was scanned from D.C. to 20 MHz. Within that range only three strong fun-
E‘j damental piezoelectric resonances were found, at 366 kHz, 425 kHz and 495 kHz.
:— Strong piezoelectric response was also observed at the third harmonic of the main
. .' - resonances.

'EE,:. In the first experiment the application of a fast voltage step excited several
'Lz;..':-: acoustic resonances. In Figure 3.19, the oscillation periods observed (1 and 2 psec)
;.) correspond fairly well to the periods of the third piezoelectric resonance (2.0 psec)
. :’c_ and the third harmonic of the first resonance {(0.91 psec).

'9)':' Similar piezoelectric responses to a voltage step were observed with both the
..;‘ MgO:LiNbO3 and the Nd:MgO:LiNbQOj3 crystals. The oscillation periods scaled with
::._:-E the transverse dimension of the rods. The transmission through the MgO:LiNbO;
’ﬁg rod is shown in Figure 3.20.

o

:E': 2. Measurement of the Elasto-optically Induced Cavity Loss

e

E“ The elasto-optically induced cavity loss was directly measured in a
2 s Nd:MgO:LiNbO;3 c-axis laser. We used the non-absorbed part of the Rh6G dye

laser pump beam as a probe and recorded the temporal variations of part of the
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Figure 3.19--Transmission through the LiNbO
[ Sample (Upper Trace). Applied
) Voltage Step (Lower Trace).
o Horizontal Scale: 1 usec/div.
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Figure 3.20--Transmission through the MgO:
LiNbO, Sample (Upper Trace}.
Appliéd Voltage (Lower Trace).
500 nsec/div.
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probe reflected by the Brewster plate just after applying a voltage step. An oscil-
loscope trace of this probe signal is shown in Figure 3.21. For this measurement,
a voltage of 300 V was applied to the crystal and then switched to zero at t =
0. The D.C'. level i maining after the acoustic oscillations have been attenuated
ix proportional to the D.C. loss contribution of the plate. The latter quantity was
determined from quasi-CW slope efficiency measurements to be about one-third of
the total D.C. cavity round-trip loss 8, which provided the absolute calibration of
the vertical axis of Figure 3.21. The peak-to-peak elasto-optic loss is as high as
7-2.5 = 4.5 %¢, that is, 1.5 times 8. The crystal was also probed with the 1.15 ym
beam of a HeNe laser. The loss modulation pattern shown in Figure 3.21 was the

same at both probe wavelengths, and it scaled linearly with the applied voltage.

3. Effect on the Q-switched Pulses

During Q-switched operation we have observed very large delays between the
action of the voltage switech and the emission of the Q-switched pulse. In addition,
at low pump levels a particular kind of pulse jitter has been encountered. We could
correlate the occurence of these two effects with the elasto-optic loss by recording
simultancously the Q-switched pulses and the probe signal, as shown in Figure 3.22.

The OQ-switehied pulse in Figure 3.22(a) 1s emitted 1.5 psee after the action
of the electrical switch. At this pump level (r = 1.2 times above threshold) the
pulse bhuild-up time should be only 1.5 psee. However, the first two peaks of the
time-dependent oscillating lToss {lower trace of Figure 3.22(a)) retard the emission
of the pulse. Assume that the gain level coincides with the line ABCD in Fiecure
3.22{a). The Q-switched pulse starts building up when the cavity loss 6(¢) reaches
point A e when the gain exceeds the loss. After point B, less than 1.5 psec later,
the loss exceeds the gain. Thus the pulse decays exponentially between B and €.

Pulse emission can only occur after point B, i.e., after the first two acoustic cycles,

113




a5 554
»

L

2 a8

Lam an J

.'-f

-
"

O
4 4 8 4
L2 J
s

St b

ELECTRICAL
SWITCHING

CAVITY ROUND-TRIP LOSS (%)
>0

o L a2 a1 2 4 2 o 1 o 2 4 1.

) 0 5 10 IS
: TIME (usec)

Figure 3.21--Total Cavity Round-Trip Loss after
Switching the Applied Voltage to
Zero. 1

s
." .“

"y WA,

»
v

L e P A ) 4’

e g

.
l“

QG O A AN
WP OSCROUOG A MG

Q Q W, P AR W e FHE P a RN MAR™r "2 " "8 " AR A A o
R A K A I A S At b S it hi\:ﬂ"&i&mmm& 2

[



s s 9
SPAPAFRIR

- g
CRLANLY

.

I‘L

_ .,
- AR

-
]

- - . -
pr V]

'_ (b) 4 % b

Figure 3.22~-Simultanecus Recording of Q-switched Pulses
and Probe=-Beam Transmittance (through a
Crossed Polarizer). (a) 1 .scc/div. (b)
Superposition of Consccutive Shots. 2 tsec/
div. Arrows polnt to Positions of Pulses.

" o

R T T P P LY
__\ ‘.)\. '\__\ ..’.__*.-.\i_\

U

"
-

-¥ u



vy . .
'\. when the cavity loss dropped below the gain level for more than 1.5 psec.
%l
‘.‘, ~. I . .
o Figure 3.22(h) shows the superposition of several consecutive Q-switched pulses
o
2
- (lower trace). The pulse jitter is readily apparent in this figure. One of the most
,r' striking characteristics of this jitter is that pulse emission oceurs at very precise
N
) . ) . . . .
A moments, separated by fixed intervals of time. Comparing with the time-dependent
5
oy . .. . . ) .
L loss (upper trace in Figure 3.22(b)), it is clear that these fixed separations are just
4
,.';-f multiples of the acoustic periods. The moment of pulse emission coincides with a
’ A
.
5.: minimum of the oscillatory loss (Figure 3.22(b)). In addition, the loss peaks preced-
[
b
ing the corresponding minimum are always low-amplitude peaks, in agreement with
- the explanation given with respect to Figure 3.22(a). The explanation of this jitter is
= 2
¢ . : . .
N ‘5 associated with small pump fluctuations inducing small changes in the pulse build-
U up time. Such fluctuations can make a particular pulse “just miss”™ a particular
¥ . . .
A minimum of the time-dependent loss.
2%
Y To avoid the effects of the elasto-optic loss modulation two alternatives were
L possible.
‘!
.‘I al . .
A0 e To operate the Q-switched laser well above threshold in such a way that
19
P
- the build-up time is shorter than half a period of the highest-frequency
v piezoelectric resonance.
&N
QJ::
P e To attenuate the acoustic oscillations by bonding to the crystal surfaces
(A
X
D blocks of matertal having the appropriate acoustic impedance and acoustice
[ ]
o damping.
7e
- . . . .
N Fhe first solution was the simplest and the one sclected. In the experiments
5

performed, when pumping more than about three times above threshold, no pulse

jitter or unusually long delays were observed.

F. Active Internal Q-switching

One of the most attractive properties of Nd:MgO:LiNbOj3 is the ability to
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LYY
* U
A ¥, generate laser radiation that can be electronically controlled within the crystal itself.
;:i We have called the integration of a laser medium and an eiectrooptic cell in the
:-‘- same crystal rod active internal QQ-switching, made possible by Nd:MgO:LiNbOj.
.:::t, The operation principle of this device has already been presented in Section I11.D.2.
'S This section is devoted to an experiiental and theoretical study of active internal
-

Q-switching.

o 1. Early Experiments - First Observation of Active Internal Q-
o switching

w The miniature laser cavity with which active internal Q-switching was
,‘ demonstrated contained a 2 X 2 X 11.5 mm c-cut crystal rod. The laser cavity,
_E designed following the criterion of minimum CW pump threshold, consistéd of two
b 5 em radius mirrors,one a high reflector and the other a T = 0.429% output coupler.
.&5 The configuration corresponded to a nearly concentric cavity with mirror separation
'{E or cavity length equal to 10.6 cm.
: W Prior to Q-switched operation the c-cut crystal rod was made to lase under
\ quasi-CW conditions. As explained in Section IIL.D.2, the lasing E-field, at a
\ wavelength of 1.093 um, is basically unpolarized unless a polarizing mechanism is
‘ implemented. With this purpose a thin quartz plate, set at Brewster's angle, forced
i '_; the E-lasing field to be linearly polarized along the crystal a axis.
: Subsequent )-switched action proceeded by applying an electric field step to
0 the crystal. As the applied voltage was increased from zero, the quasi-CW laser
'\ﬁ output was broken into a set of narrower puises whose number diminished as
:i,ﬁ we increased the voltage. When applying 250 V, a unique Q-switched pulse was
F'h observed. The laser was being pumped twice above threshold.

:é A photograph of the pulse, taken on the screen of a storage oscilloscope is
%E shown in Figure 3.23. The pulse width, full width at half maximum (FWHM), is

'

500 nseec.
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= \
::E 2. Short-Cavity Q-switched Laser

e The interest in short cavity laser devices arises quite naturally in the trend
E_ towards miniaturization. Besides, a short cavity Q-switched laser emits shortened
'--': pulses having higher peak powers. The reduction in the pulse width is a consequence
]

# of the decreased cavity round trip transit time.

5:}: ' In Section III.A we presented a detailed analysis of the design of low threshold
':\“\ CW and quasi-CW lasers. In that analysis both cavity mirrors were assumed to have
‘:‘; the same radius of curvature and, as a consequence, the signal waist was located
Eg at the center of the cavity. In the present case, the presence of the Brewster plate
j breaks the symmetry, and the crystal must be located necessarily closer to one of
,.\jf the mirrors. This mirror must have a larger radius of curvature if the signal waist
:ﬁ is to be located inside or very close to the crystal. The other mirror must have a
'l. very small radius to minimize the mode volume inside the crystal.
.}.. The smallest radius mirror available was a 2.5 em high reflector. Once this
iﬂ mirror was selected we needed to choose the cavity length L and the other mirror
?t_.. radius R1. Figure 3.24 shows plots of the average signal radius inside the crystal,
; W, as a function of L for different values of R1. As the plots show, the value of R1
:'.E does not significantly affect the average radius. The optimum cavity length I. =
&# 3.1 cm gives a minimum W, of 45 microns. This value is only slightly larger than
} the average radius for the nearly concentric cavity (~ 38 microns).

:.: An additional feature of the design is the use of the Brewster window plate
; as the output coupling element. In this way, both cavity mirrors can be high
"; reflectors at the signal wavelength, resulting in a reduced cavity loss, and thus, a
: S'Z reduced threshold. A fraction of the circulating power is tapped out of the cavity by
.’: reflection. This laser exhibits two outputs corresponding to the two main reflections
{‘ of the signal beamn onto the plate.
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3. Active Internal Q-switching Experiments

The experimental set-up for the Q-switching experiments is shown in Figure
3.25. It consisted of the following: a pump dye laser, either Rh6G at 598 nm or
Styryl 9M at 809 nm; an acousto-optic cell or a chopper to produce well defined
pumping intervals at a repetition rate of ~ 20 Hz; a 10 cm focal length lens; the
Nd:MgO:LiNbOj laser containing a Brewster window; and the detection elements.
For Q-switching, a voltage pulse was applied just before the beginning of each
pumping interval with amplitude high enough to hold off quasi-CW oscillation.
Turning this voltage to zero just before the end of the pumping interval resulted in
the generation of a Q-switched pulse.

Throughout this contract several Q-switching experiments were performed with
the nearly concentric laser and the short-cavity laser described in the previous sub-
section. In carly experiments, the voltage pulses were applied with the aid of a 20
volt-pulser followed by a high voltage amplifier. Because of the narrow bandwidth
of the amplifier (50 KHz), the switching time was very long. To avoid multiple
Q-switched pulse generation, we carefully adjusted the relative delay between the
voltage and pump pulses. However, this resulted in a deterioration of the Q-switched
pulsed peak power.

As a second step. a high voltage pulse generator (HP 214B) emitting 100 volt-
pulses with 15 nsee fall times was rented. The fall times were short enough for
eflicient Q-switching.  However, the voltage amplitude was not large enough to
prevent quasi-CW o oscillation at high punp levels. Figure 3.26 shows the measured
pulse widths and peak powers versus absorbed pump powers for the 3 em long
short-cavity laser. The maximum peak power observed was close to 3 W. The
theoretical expression for the pulsewidth, included in the inset, has been plotted

for comparison. The measured pulse widths are larger than what Q-switched laser

theory predicts This diserepaney was encountered repeatedly in all the Q-switching
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experiments and is discussed in detail in Section IIL.F.6. Figure 3.27 depicts the Q-
switched pulse energy versus pump power. The energy conversion efficiency is high,
Sg = 1.8% in spite of the low output coupling, T ~ 0.5%.

Because of the generation of the screening field, the Q-switched pulses became
unstable after a few minutes of operation. As explained in a previous section, this
problem was alleviated by using a home made transistor circuit that applied voltage

pulses of alternating polarity.

4. Latest Experiments

4.1 Experimental Results

Measurements on the short-cavity Q-switched laser were performed by applying
voltage pulses of alternating polarity. This procedure eliminates the screening field
due to the material photoconductivity as discussed in a previous section.

Figure 3.28 shows the measured widths and peak powers of the Q-switched
pulses versus absorbed pump power at 598 nm. A peak power of 5 W was at-
tained when pumping about five times above threshold. The peak power increases
approximately linearly with pump power as shown. The zero intercept of the
linear fit indicates that the absorbed pump power threshold was only 10 mW. The
pulse widths decrease monotonically with increasing pump power and approach
asymptotically a value of ~ 45 nsec, which is about three times larger than the
pulse width predicted by the Q-switched rate-equations.

The required voltage in this experiment was only 170 V when pumping three
times above threshold and 200 V when pumping four times above threshold.

When one of the high-reflector mirrors was replaced by a 1.49% transmission
output coupler, shorter pulse widths were attained, essentially due to the reduced
cavity photon lifctime. Figure 3.29 shows the oscilloscope trace of a Q-switched

pulse. The minimum pulse width observed (full-width at half maximum) was 30
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4.2 Discussion

Discrepancies have been observed between the measured Q-switched pulse
widths and peak powers and the predictions of Q-switched laser theory. First, the
measured peak powers are about one order of magnitude smaller than the predicted
ones. Second, the pulse widths are about three times larger than what we expected
from knowledge of the cavity photon lifetime. These discrepancies suggest that a
theoretical study is required.

First of all, the mode overlap theory used throughout this and previous con-
tracts is valid only when the laser medium fills the optical cavity entirely. This is a
very reasonable assumption for the case of mechanically Q-switched Nd:YAG fiber
lasers as well as for fiber lasers using a saturable absorber. For both types of Q-
switched fiber lasers the cavity mirrors can be placed very close to the fiber end faces
(and it is highly advantageous to do so to avoid diffraction of the laser beam between
the fiber end and the mirror). However, in the Q-switched Nd:MgO:LiNbOj laser
the presence of a polarizing element makes the resonator longer than the crystal.
As we will show in the next sub-section, to take this into account, modifications of
the laser rate equations are required.

A second important step in the theory is the inclusion of a time-dependent
loss term. Since, as we have shown, the application of an clectrical step excites

piezoelectric resonances that induce a time-dependent loss.

5. Laser Mode-Overlap Theory

The laser mode-overlap theory used in the current and previous contracts
requires some modifications in order to be applied to the Nd:MgO:LiNbO3 Q-

switched laser. In this section we modify the laser equations to account for the
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kD)
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" . :
::: case of an optical resonator which is not entirely filled by the active (laser) medium.
b X
- Next, we derive the Q-switched laser equations corresponding to single-transverse-
mode operation and compare them to the predictions of a simpler analysis that
"'-j does not account for modal overlaps. Finally, we include two extra terms, the
39
o contribution of spontaneous emission to the laser signal and the time-dependent
¥
W . .
:: elasto-optically-induced loss.
Rk 5.1 Laser Equations
> In a four-level laser system such as Nd:MgO:LiNbOj3, the time evolution of
LY
$ the population inversion density n(x,y,z,t) and the signal photon density in the itk
th
transverse mode s;{r,y, z,t) are described by the following differential equations:
8,F
5 dn( t) ( t) l
n(z.y,z, n(z,y, 2,

3 ‘—y'—=T(l',y,zyt)"¢“C‘7—"(I,y,2y”

“ dt T lop

" m (3.21)
. X Zsi(l',y, Z,t)
::: f=]

\l
b
. aS;(t l S;(t
! 3l = ca——/ // n(z,y, 2, t)s;(z,y, 2z, )dV — i) (3.22)
dil Iop . cavily Tes

N Here S;(t) is the total number of photons in the i** mode, 7y is the fluorescence
", - : : . o
ﬂ lifetime, o the net gain cross section, ¢ the velocity of light in free space, r(z,y, 2, )
!

[ the pumping rate per unit volume, [ the length of the laser medium, I , the optical
o, length of the resonator and 7.; the photon lifetime for the i* mode. 7.; is related
L)
N to the round-trip cavity loss for the i** mode §; by
o

e

< 21

py T = ;” (3.23)
- coi

(.
‘ When the laser medium entirely fills the resonator, the optical cavity lergth isl,, =
‘.§ nyl. where ny is the refractive index of the laser material. In this case, Equations
o
::" (3.20) and (3.21) reduce to the well known rate-equations used throughout previous
i

q
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NS 5.2 Overlap Integral and Q-switched Laser Equations
e
I, Following the derivation in Part C of the cited reference, we introduce the
"') normalized population inversion, signal and pump distributions ng, s¢; and ro, and
¥ 4 define the overlap integral F; as follows:®
0
'-5
\*
Fi = /// . nO(I’ Y, Z)soi(I, y,Z)dV (324)
" lager medium
%
I
gty For Q-switched operation it is valid to neglect the pumping and spontaneous emis-
¥ g pumping p
' . : ; i
R sion terms in Equation (3.21) which are significant only for time durations much
AN longer than the characteristic times of the Q-switched pulses. Neglecting the first
A8
:;;'. two terms on the right side of Equation (3.21), integrating over the cavity volume
) _-:r
W, and using Equation (3.24), we get
% e
o
o dN(t) col =
t — = ——N(t F;S;(¢ 3.25
.5‘ dt lo ( )Z ] _7( ) ( )
dile P j=1
Mgtat
J . : :
0 Similarly, Equation (22) gives
wat
e
D) 5‘:|
oo ds;(t col Si(t
has —l(—l = — N(t)F;S;(t) — 1—()- (3.20)
‘ dt Iop Tei
45
‘-"-'-: In Equations (3.25) and (3.26), N(t) and S;(¢) are the total population inversion and
>
’.*5&:: total photon number in the i** mode respectively.
U
:': We will only consider here the case of single mode operation. Equations (3.25)
'\.ﬁi ‘
Aok and (3.26) reduce to
s
:.Q 1 See for example Equations (2) and (3). p. 13, Interim Report, AFWAL-TR-84-1159, *Diode Pumped
A Fiber La<er.” (December 1984).
& _n_
-':"_:: 5 Outside the aser medium ng(r, y. 2) = 0, therefore, the limits of integration can be extended to
f':r: cover the entire resonator volume.
.
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J.
o dN(t el
_. | F NS (3.27)
. dt 1‘.;‘
.
s
N .
‘ 18(t + 1
" (——( ) =7 ANTIRY « S (3.28)
. . dt Lp 2,
- where the subscript "t has been dropped

N For the Nd:MgO:LiINDHOj3 laser. the total round-trip cavity loss é during Q-

5
»

switched operation can be separ~ted into two contributions. The first is the D.C. loss
- 09 which is also present during CW operation. The second is the elasto-optically-
'{' induced time-dependent loss 8(¢). Thus,

y
-

: 6 = 0o+ 6(¢) (3.29)
X Starting from Equation (3.22) we can show that the population inversion required
. to reach threshold during C'W operation is
- 8o
< Ny = 3.30

’ ‘7 20lF (3.30)
& Substituting expressions (3.29) and (3.30) into Equations (3.27) and (3.28) we get:
- dN(t) 1 N(¢)

N avtr S(t 3.31

q dt Tc 1\’ () ( )
-\_.:

. dS(t N(t o(t). St
N ():_—[ (,)—1——u U (3.32)
\. d’ }\Jt 60 Te
r‘. +
o where the D.C. or CW cavity lifetime 7, is given by

. 2l
2 7. = —2 (3.33)
X Céo
. Equations (3.31) and {3.32) are the starting point for the computer analysis of the

A
E miniature Q-switched laser. We still need to mathematically model the loss 8{/).

‘

b b L W PN R W, Lo SR
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. 5.3 Discussion

. It is important to point out that Equations (3.31) and (3.32) (neglecting the
»

A time-dependent loss) are essentially the same as the differential equations derived in
: conventional Q-switched laser theory.® In that theory, the population inversion den-
R sity n(z,y, z,t) and the photon density s(z,y, z, t) are substituted by their spatial-
2 . . ,

averages over the cavity volume. The equations are then solved as if both ‘n’ and
‘s’ were uniform over the entire laser medium. By using mode-overlap theory, we

A have arrived at the same equations. The only information concerning the spatial
distributions of ‘n’ and ‘s’ is contained in the threshold inversion N; through the
overlap integral F.

3 The way in which the overlap integral is written here (Equation (3.24)) suggests
? that the normalized distribution ng is independent of time. This is unlikely to be
,‘ true because the population inversion can saturate differently in different regions of
A

> the laser medium. This point will be addressed in Section IIL.F.6.4.

~

- 5.4 Spontaneous Emission Term and Initial Photon Number

g The angle ¢ and the solid angle § subtended by the TIEMgo laser signal mode
Al

> in the far-field pattern are given by

-

o

n 2X\e

y Tt

1're

% (3.34)
& _

N =
N 4

~
% where A\, = 1.093um is the signal wavelength n; = 2.23 is the refractive index and
S W, is the signal waist radius. The total rate of spontaneous emission is equal to
"
L% N (t)/17. Assuming that this emission is uniformly distributed over a unitary sphere,
o
L~ that is. over a solid angle of 47, we find that the rate of spontaneous emission into
| the solid angle of the laser mode is
: - 7

z 8 See for example W. Koechner, Solid State Laser Engincering, Springer-Verlag (1976).
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Setting the time origin at the moment of opening of the Q-switch, we can calculate
the number of signal photons present at t = 0 as follows. The photons present in
the laser mode at this time are created by spontaneous emission only. They have a

lifetime 7.. Thus the initial photon number Sy is given by

So = Reponlt = 0)7, (3.36)

5.5 Time-dependent Cavity Loss

We already stated that during Q-switched operation the total round-trip cavity
loss can be separated into a D.C. or C'W loss 8y and a time-dependent, elasto-
optically-induced loss &(¢).

In Section ITLE we discussed in detail the effects of the elastocptic loss on the
Q-switched pulses. At low pump levels the emission of the pulse is delayed by
the occurence of consecutive oscillatory-loss peaks. Besides, due to pump power
fluctuations the moment of emission can alternate (‘jitter’) between several fixed
positions in time. In this latter case the amplitude of the pulse fluctuates. When
pumping more than about three times above threshold, the jitter and amplitude
fluctuation disappear. At these pump levels the Q-switched pulse is emitted during
the first semi-cyele of the oscillatory-loss. Therefore, in our mathematical model we
only need to inelude this first semicyele, since we are mostly interested in high-pump
level operation.

Figure 3.30 shows the total cavity round-trip loss measured by the method
deseribed in Section F. The voltage applied during the low-Q) state was 200 V', The
D.C. loss 6 corresponds in this figure to the loss level observed after the acoustie

oscillations have been attenuated. 8g is equal to =~ 39", From Figure 3.30 we find
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that the first semi-cycle of §(¢) can be modeled as follows:

2rt
psec

6(t) = 0.01(1 — sin ) (3.37)

5.6 Final Form of the Equations

The Q-switched laser equations for single-mode operation can be written as

dN(t) _ N({t)S(1)

it~ N 7 (3.38)
ds(t) _ N(t) . 5(t) S(1)
=N 1= 5+ R (3.39)

5.7 Numerical Values
For fundamental Gaussian signal and pump modes the overlap integral F is

given by

1 1

Fe ——— =~
FWo+ W) Al

(3.40)
with W, = 45um and W, = 34pm, then A; = 5 X 107° cm>. The net gain cross

section (low-gain polarization) is ¢ = 1.8 X 107!% ¢m? and the D.C. loss &y = 3%.

Therefore, the threshold inversion calculated from Equations (3.30) and (3.40) is

Ny = 4.2 X 10*'? atoms (3.41)

The optical cavity length is [,, = 4.5 ¢m, thus, from Equaton (3.33) we get

1. = 10 nsec (3.42)




The solid angle (Equation 3.34) is § = 3.8 X 107° sr, and the fluorescence lifetime
77 = 120 psec. Thus, the initial number of photons is (from Equations (3.35) and

(3.36))

» So =25 X 1071°N(t = 0) (3.43)

and, the initial inversion is

Wb Pa ]
o N(t =0) = N = P,:

N; (3.44)
where P4, /Py is the ratio of absorbed to threshold pump powers.
s 6. Computer Analysis of the Miniature Q-switched Laser

The Q-switched laser equations derived in the previous section were solved

numerically with the aid of a computer. We present here results from this computer

analysis. The calculated peak powers, pulse energies and pulse widths are compared

to the measured ones. The need for a more refined theory, to account for the

s
" o o o ok T A

experimental results, is discussed. This theory should consider spatial effects in the

Y : o o :

',t' X saturation of the laser gain (i.e., the population inversion).

g

.:‘,:, 6.1 Instantaneous Output Power

“$y . . . .

f.‘._' Prior to addressing the problem of solving the laser equations, we want to find
N

< an expression for the instantaneous output power P; in terms of the photon number
o

' S. At a given time ¢, the total laser signal energy inside the resonator is given by
2

W/

i the product of the photon energy hv, and the photon number. The rate at which
’ . . . N . . . . o .

i this energy is lost is Shu,/7., where 7. is the cavity lifetime or average lifetime of
\l

el a photon inside the resonator. The fraction of this energy which is utilized as laser

:_-f. output is determined by the ratio of output coupling T to cavity loss 8. Therefore,
b

o

\* the instantaneous output power is given by:
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2' T hy cT

. P{t)= ;-T—fS(t) =31, S(¢) (3.45)
e

S Here 1,, is the optical cavity length and ¢ the velocity of light in vacuum.

2 In most of the experiments performed, the laser output was obtained from
‘ié ‘ reflection on the Brewster plate. Due to elasto-optic birefringence modulation, this
:!i: reflection was time-dependent. Therefore, like the total cavity loss, the output
‘-::;: coupling can be separated into a D.C. or CW term T and a time-dependent term
:“_’ T(t), where T(t) equals one-half of the elasto-optic loss §(¢). Thus, we can write
e

o. T=T7T0+ é(z—t)' (3.46)
o The CW output coupling was determined from the CW slope efficiency to be
‘-., : ~ 0.5%. The CW cavity round-trip loss was 6y ~ 3%.

\.; 6.2 Solution of the Laser Equations

;: We need to solve a set of two nonlinear, first-order differential equations,
' (Equations (3.38) and (3.39). For the case of time-independent loss, that is, 6(¢) =
3 > 0, we can obtain a simple analytical expression relating the photon number S(¢) to
,‘: the population inversion /N(t). However, it is not possible to express N and S as
R functions of time in terms of known mathematical functions. On the other hand,
\‘. the differential equations can be solved numerically without major difficulty even
for the case of time-dependent loss.

’. . A computer program was written that solves the differential equations by using
_, sixth-order Runge-Kutta method. The program calculates the time-evolution of the

‘ Q-switched laser photon number, the instantaneous output power or the population
::' inversion (laser gain) for different absorbed pump powers. The pulse energy is
"§ evaluated by integrating numerically the instantaneous output power. The values
k of the parameters used in the computer analysis are given in Section IILF.5.7.
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Figures 3.31 and 3.32 show the computer-generated time-evolution of the in-
stantaneous output power for two absorbed pump powers P, of 35 mW and 50
mW respectively. The time-dependent part of the cavity loss §(¢) has been included
in the figures. For Py, = 35 mW the peak of the pulse occurs 120 nsec after
the electrical switching, when the total loss is § = 3.3% and the output coupling
T = 0.65%. For Py, = 50 mW the pulse peak occurs at t = 75 nsec, when the

cavity loss is 3.55% and the output coupling is 0.77%.

6.3 Comparison with the Experimental Results

The pulse energies, pulse widths and peak powers calculated with the aid of
the program are plotted versus absorbed pump power in Figures 3.33, 3.34, and
3.35. For comparison we have included in the figures the experimental results given
in Section IIL.F .4.

Figure 3.33 shows that except for the first two points, the measured pulse
widths are larger than the predicted ones. The ratio of experimental to theoretical
pulse width increases with increasing pump power from 1.4 to 2.3 for absorbed
pump powers between 30 and 55 mW,

The pulse energy versus pump power plots of Figure 3.34 can be approximated
by straight lines with zero-vertical-axis intercept at P,, = 10 mW. The slope
corresponding to the theoretical predictions is 1.7 X 10~°sec™! or 0.0176 uJ /mW.
A best linear fit to the experimental points has a slope of 0.0087 uJ/mW . Thus,

there is a factor of two discrepancy between the experimental and theoretical slope

efficiencies.
The largest discrepancy between theory and experiment is encountered in the
peak powers as illustrated in Figure 3.35. The measured peak powers are lower than

the theoretical ones by factors ranging from 2 to 7.
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e 6.4 Discussion
A
0.: ] The output coupling T utilized in the computer program was inferred in part
":: from CW laser measurements (Tp ~ 0.5%) and in part from elasto-optic modulation
)
f',u, measurements (T(¢) ~ 6(¢)/2). Due to the large non-uniformity in the birefringence
<)
! of our Nd: :Li samples, the output coupling can vary by factors of two
_ f Nd:MgO:LiNbO3 ples, th tput pling y by fact Mt
;. or more from one lasing spot to another. This can account for the factor-of-two
': discrepancy between the theoretical and experimental pulse energies. To assure
8 that neither the output coupling nor the crystal loss change from one measurement
. ’.
-_.f.: to another, it is necessary to perform the CW-laser, elasto-optic modulation and
-
" Q-switching experiments on the same lasing spot. This requirement would be
Fos unnecessary with samples exhibiting better uniformity and optical quality.
\‘-.
o An erroneous estimation of the output coupling T can explain the discrepancies
-.'\,
> between theory and experiment for the pulse energy and, in part, for the peak
:';'a‘" power. This is not true for the Q-switched pulse width which does not depend on
'
L)
:: T. To account for the larger pulse widths encountered experimentally we would
..
),'So. need to assume a smaller cavity loss §. However, a smaller § would imply even
J :
o, higher predicted pulse energies than those shown in Figure 3.34.
AN . : . :
j:}j One possible explanation for the larger pulsewidths and, in part, for the lower
s
" peak powers observed experimentally is the presence of several longitudinal modes
o during Q-switched operation. In this case, the laser output is the superposition
o
oo of several pulses having different widths, build-up times and peak-heights. The
B o
- resulting pulse is wider and lower in peak power than the pulse from a single
~@n
Ty mode laser. Another possible explanation concerns non-uniform saturation of the
>,
N
‘ 5;.:. population inversion along the transverse dimensions of the laser medium. In this
-s.)‘ case the output is again the superposition of pulses having different characteristics
e and proceeding from different annular regions of the crystal cross section. Because
N
w, N . . . . . . .
. N the initial population inversion is much higher at the crystal axis, the photon density
0
o4
R
L
L
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“ . - M4 SR ESRR ! N - TSRS NS
SVANCIERCRS T A S R O R AT e o o, SO N W ey o




grows much faster near the axis, saturating the gain first. A more refined theory
that accounts for these effects is needed in order to explain quantitatively the

experimental results.

G. Nd:MgO:LiNbOj; Single Crystal Fibers

1. Introduction

During the present contract, the first single crystal fibers of neodymium lithium
niobate were grown and processed, using the second-gencration growth station
(Section IL.B.1). Difficulties associated with growth, annealing, surface granularity,
spurious colorations (brown or yellow), mounting and end-face polishing were satis-
factorily solved. A brief description of fiber growth and processing is given in this
section.

Initial attempts to achieve laser action in unclad Nd:MgO:LiNbOj fibers were
performed. The threshold for laser oscillation in these unclad fibers could not be
attained with the pump powers available. We show theoretically in this section
that a cladding should reduce the fiber laser threshold by more than an order of
magnitude. LiNbOg fibers very recently were successfully cladded under auspices of

other contracts. The cladding technique of Mg-in diffusion allowed the demonstra-

tion of two-mode propagation in a LiNbOj3 single-crystal fiber.” It is expected that

this technigne will be applied in the future to Nd:MgO:LiNbOj3 fiber lasers.

2. Growth of Nd:MgO:LiNbOj; Single-Crystal Fibers

During the present contract the first Nd:LiNbOj single-crystal fibers were
grown by using the laser-heated miniature pedestal technique. A total of nine fibers

having diameters around 170 gm and lengths ranging from 2.5 to 5.0 cm were grown.

7'S. Sudo, A. Cerdova-Plaza, R. L. Byer, and H. J. Shaw, “MgO:LiNbO, Single-Crystal Fiber with
Mg-ion In-diffused Cladding,” submitted to Optics Letters.
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The starting source material consisted of 0.5 mm-wide rods originating from the
second-generation Nd:MgO:LiNbO3 boule which contained 0.2 wt% Nd203 and 5
mol % MgO in the melt (see Section A.2). Pulling rates were 1 mm/min for the
first fibers and 2 mm/min for the latest ones. All the fibers were grown along the
c-axis.

It is known that LiNbOjg crystals with oxygen deficiency exhibited a brownish
color indicative of an undersirable high absorption at visible wavelengths. To
prevent oxvgen loss during the Nd:MgO:LiNbOj3 fiber growth, a wet oxygen atmo-
sphere was provided. In spite of this precaution, a slight brownish coloration could
be observed in the first two fibers when examined under the microscope. Experience
with past LiNbOj fibers indicates that the coloration disappears after annealing in
an oxveen-rich atmosphere, yielding a clear, transparent material perfectly suited
for fiber-optic devices

The first Nd:NMeO:LiINDOg fibers exhibited transverse ridges at regular spacings,
over certain areas of the fiber. These ridges were caused by small jerks of either
the upper or the lower translators. During growth, the capillary tubes holding the
fiber and/or sonree rod are pressed between an aluminum V-groove and a rubber
belt The pulling mechanism is provided by motors acting on the belts. In an
ideal <ituation the friction between the capillary and the belt should be infimite
whereas the friction between the capillary and the V-groove should be zero. The
finite frictiens as well as small imperfections in the belts result in oceasional jerking.
This problem was solved by replacing the aluminum V-grooves with teflon V-grooves
(teflon is a2 material with a very low cocflicient of friction). As a consequence, the
Iatest fibers are almost free of transverse ridges.

The work with miniature bulk lasers showed that a length of active material
Ca

bhetween 1and 15 cm was a good compromise between low erystal loss (1% per em

for the bulk material) and high pump power absorption (1/e® absorption depth of




Y.
i,
¥
% ~ 1 cm at 598 pump wavelength). Thus each of the grown fibers could be cut in two
:' or three pieces, the best pieces being candidates for fiber lasers. After cutting, each
' fiber needs to be placed inside a diameter-matched capillary-tube and firmly held
E with the aid of epoxy or wax. This constitutes a preparation for end-face polishing.
f‘ ! Prior to mounting and polishing, two steps are required in the crystal fiber
f processing. The first step is annealing. Annealing releases the internal mechanical
E stress induced during growth. High stress results from the temperature gradients,
typically on the order of 1000° C/(1/2 mm) or higher. Therefore, annealing
b significantly increases the mechanical resistance of the fiber which, otherwise, is
: brittle and easy to break. In addition, if the process is performed in an oxygen- 4
¢ rich atmosphere those fibers exhibiting a brownish coloration acquire the required
L transparency.
v The second step is fiber cladding. The work with Nd:YAG fiber lasers
demonstrated that a great improvement in laser performance i1s achieved when a
cladding material is deposited around the fiber. The reason for the improvement
is the big reduction in surface scattering which is the main loss mechanism in fiber
lasers. In the case of LiNbOj fibers different cladding methods have been inves-
? tigated under the auspices of other contracts. The most promising methods consist
(- of magnesium in-diffusion and proton-exchange in a solution of benzoic acid. In the
‘ method of proton-exchange most of the fibers tended to eteh in the bath of benzoic |
acid. On the other hand, the technique of magnesium in-diffusion has given very
good results.
.
Xy 3. Fiber Processing

. 3.1 Alumina Oven

A new alumina oven was prepared for the processing of LiNbO3z, MgO:LiNhO3

and Nd:MgO:LiNbOj3 single crystal fibers. The oven was purchased recently under
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E:‘::: an NSF grant provided to the Center for Materials Research at Stanford for erystal
. fiber research.
-:: Alumina was used instead of quartz because of previous undesired results
:-\: obtained when annealing MgO:LiNbOg3 fibers in a quartz oven. Some samples
;.". annealed in a quartz tube acquired a cloudy appearance. This could be caused by
::.'. an impurity diffusing and/or reacting with lithium niobate. Since quartz is slightly
E: \ porous at high temperatures, an outside impurity could have diffused through the
) ! tube walls. Silicon from the tube itself could be also responsible for the observed
’_T; behavior.

:‘ The alumina oven was used for fiber annealing and lithium and/or oxygen
.. equilibration.

’ 3.2 Fiber Processing System: Description and Characterization
;' The processing temperature for lithium niobate fibers T, was chosen to be
E‘ 1050°C". Since LiNbOjg loses its ferroelectric single-domain structure at tempera-
E:; tures above the Curie point T, it was important to keep a reasonably safe margin
between T, and T,.. We needed to take into account that T, varies from ~ 1100 °C
23 to ~ 1200 °C depending on lithium and magnesium concentration and that lithium
;E'.:: out-diffuses readily at high temperatures.
5 The temperature gradients at the center of the oven were measured with a
‘:: probe thermocouple. When the temperature was ~ 1000 °C, we measured an axial
:': gradient of 8 °C/em and a radial gradient of 1 °C/ 2.5 cm = 0.4 °C/cm. Since we
:i wanted to keep the temperature of a fiber uniform within 1 °C or less, it was clear
R - that the fibers should be positioned radially rather than axially. The alumina-tube
:; inner diameter is 5 cm, large enough to accommodate the fiber lenigths of interest
‘- (typically 1 to 2 em).
T' ' To avoid oxygen loss during fiber processing, a constant flow of this gas was
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provided. The flow rate was 1 €/min. A typical fiber processing sequence was:
heating from room temperatare to 1050 °C (1 hour), processing at 1050 °C* (2
hours) high temperature cooling from 1050 °C to 570 °C* (1 hour), free cooling. The
duration of the high temperature cooling period was important since a fast cooling
could lead to sample cracking whereas a slow cooling could cause a solid-state phase

transition.  Rescarchers working with LINbO3 waveguides typically use a cooling

1050—570)° ('

rate of &°C' /min which equals our cooling rate of ‘=~

As-grown lithium niobate fibers exhibit a particular kind of surface granularity.
Originally this surface defect was associated with impurities present on the surface
of the <ource rods used for fiber growth. An improved cleaning procedure by means
of an nltrasonte hath reduced the amount of granules but it did not eliminate them
completely.

At present we believe that the granules consist mainly of lithium oxide, Li20,
that evaporates from the molten zone during growth and condenses onto the cooler
sections of the growing fiber. The sublimation point of Li0 is 1200 °C, close to the
processing temperature T, = 1050 °C'. Therefore, we could get rid of most of the

snrface granularity by annealing the fibers at 1050 °C.
3.3 Fiber Annealing and Lithium Equilibration

When processing lithium niobate or related compounds, Li jons tend to out-
diffuse. Lithium deficieney is not as critical as oxvgen diflicieney (as long as a
phase-transition does not occur). However, material properties such as the Curie
temperature strongly depend on the exact lithium concentration. A standard proce-
dure used in the past to avoid lithium out-diffusion during fiber growth or processing
was to include water vapor in the oxygen flow {wet oxygen). During the experiments
performed in the new alumina oven, two MgO:LiNbO3 fibers acquired a slight yel-

lowish coloration when annealed in wet-oxygen. On the other hand, all the fibers

At At A
Q\\\\“f

.- SR e At e, Iy
N ', "- ' ‘\.u " \ . e v 9 ) '." ™

V: "f u‘

T




Ty

A4 N

-~ -
] o SRR
\".l -

N

.
A f*)\. .

-
-t

W

e e r

; AU RO RS, Ly
‘!.'ql.‘h'!‘ik.s.. N ..":"'!:'.‘n AN ..’J"a'; l"-"g ) N

annealed in dry-O2 were perfectly transparent. With the purpose of explaining this
anomalous behavior, different tests were performed.

From the tests we concluded that the yellowish coloration only appeared during
the simultaneous occurence of the following: the sample was doped with MgO,
water vapor was present, alumina was present. Therefore, it seemed that a reaction
between water vapor, Af203 and Mg, probably releasing A¢, was responsible for this
behavior. In the past, LiINbO3 bulk samples with A£ impurities have also exhibited
a yellowish coloration.®

In view of these results, we decided to perform every fiber processing step in
a dry-Og instead of a wet-O2 atmosphere. To prevent excessive Li out-diffusion,
a lithium-rich environment was provided. The fiber was placed in platinum foil,
suspended above lithium-rich powder (a mixture of Li3NbOy4 and LiNbQj3). During
the processing, an equilibrium was established between the sample and the powder

via vapor transport. This process is called vapor-phase equilibration (VPE).

4. Nd:MgO:LiNbOj; Fiber Preparation for Fiber Lasers

It has been emphasized in the present and previous contracts that an excel-
lent end-face surface-quality is a requirement for the operation of a crystal fiber
laser. Surface defects such as microscopic seratches or small imperfections con-
tribute significantly to the scattering losses and can prevent the attainment of laser
oscillation. Previous work on end-face crystal fiber preparation had concentrated
on Nd:YAG fibers only. During the present contract a good amount of effort was
devoted to investigating procedures that could yield good end-face quality in Nd-
doped lithium niobate fibers. As described later, we have achieved excellent end-face
quality as required for laser operation.

End-face fiber polishing was done using a commercially available machine fabri-

8 Prof Byer - private communication.
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cated by Buchler. The fiber was rigidly mounted in a fixture and pressed against
polishing paper containing either aluminum oxide or silicon carbide. The paper
was itself mounted on a rotating metallic disk. Different grit (or grain) size paper
was available, namely, 240 and 600 grit, 12, 9, 3, 1 and 0.3 gm grain size. During
polishing, water ran almost continuously over the paper to remove the small par-
ticles generated by polishing.

Prior to polishing, the fiber was mounted in a rigid structure for easy handling
and polishing. As done in the past with Nd:YAG fibers, the Nd:MgO:LiNbOj fibers
were mounted in ID-matched capillary tubes. Wax or U.V. cured epoxy was the
bonding material. Three different kinds of wax were utilized, namely, beeswax
(vellow color), jewelers wax (red) and high-vacuum wax (black). One of the most
important properties of the bonding material is its hardness. If it is too soft or
too brittle the fiber is not firmly held during polishing and fiber-edge chipping can
result. From the three waxes used, vacuum wax is the most brittle while jewelers
wax is the least brittle. In spite of this disadvantage, excellent results could be
attained when using vacuum wax because of the precautions taken. The use of
vacuum wax or epoxy was necessary since fiber lasers require vacuum deposition of
antireflection-coating layers.

The first step in the polishing procedure consisted of rough grinding. Enough
glass should be removed from the end face of the capillary tube for the end face
of the fiber to be visible. This step was realized with 240 or 600-grit paper. For
the subsequent polishing steps, different grain-sizes and times were tried, yielding
different end-face qualities. A typical sequence yielding very good results was: 12
pm paper for 10 minutes, 3 gm paper for 30 minutes to an hour and 0.3 ym paper
for 10 minutes. The longest step in the sequence determined the final shape of the
fiber end face. Variations in the polishing procedure had to be allowed according to

the bonding material and the condition of the fiber end face after rough grinding.
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Figure 3.36--Photograph of a C-axis Nd:MgO:LiNbO
Fiber. Very Good End Face Quality fas
Achieved. Notice the Three Growth Ridges
Indicative of the Trigonal Crystallographic

Structure of LiNbO3.
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1A
,: Figure 3.36 shows the photograph of a c-axis Nd:MgO:LiNbOj fiber end face
:':. polished following the above guidelines. The bonding material is vacuum wax. The
,; : three ridges indicative of the trigonal symmetry of LiNbOj are clearly seen in this
:_ photograph.
:’% Figure 3.37 shows a photograph of an a-axis MgO:LiNbO3 fiber prepared in a
f;'- similar way as the c-axis fiber but mounted with jewelers red wax. The cross section
:’ of every a-axis fiber is elliptical rather than circular, exhibiting two ridges instead
i:% of three. All of these features are clearly scen in Figure 3.37. The minor dimension
2 of the ellipse corresponds to the c-axis whereas the major dimension corresponds to
the b-axis.
o
N 5. Nd:MgO:LiNbO; Fiber Lasers
%
:?. 5.1 Experiment

Four Nd:MgO:LiNbOj c-axis fibers were mounted and polished with the pur-

-
»

pose of making CW laser tests pursuant to future Q-switched tests. The fibers had

»
[~ lengths ranging from 0.5 to 1.0 cm and diameters of ~ 170 gm. All fibers were
B
I antireflection coated at 1.09 pm with 1875A of SiOa. The fibers were placed in a
laser cavity with mirror gimbal mounts. The resonator consisted of two flat mirrors,
L/
' a high reflector and a 1.0¢ transmissive output coupler. The mirrors were placed
; very close to the fiber ends.
)
3
e The pump was provided by a Rh6G dye laser operating at 59& nm. The focusing
e lens had f = 10 em.
hY
l“ . . .
- The transmitted pump beam was multimoded in all the four fibers. However,
nh.'
@ scattering of the pump beam through the fibers was not unusually high. No laser
"N
: action could be observed in any of the fibers with incident pump powers in excess of
)
W

200 mW. We recall that under the same experimental conditions, a 170 gm Nd:YAG

fiber laser exhibits typically an incident pump power threshold of a few tens of mWV.
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‘:'f"/:' 5.2 Interpretation
o Nd:MgO:LiNbOj c-axis samples (low gain polarization) exhibit, as discussed in
3,‘ E Section A.8, three times less gain than Nd:YAG. Therefore, the threshold to reach
“-:,‘-e laser oscillation should be at least three times higher. In addition, LiNbO3 has a
_. ‘ refractive index of 2.2 versus 1.8 of YAG. As a consequence, the larger refractive
,; index step An at the fiber edge makes LiNbO3 more subject to surface scattering
’-' loss. Assuming a refractive index of 1.5 for the bonding material (wax or epoxy) we
2 see that An = 0.7 for LINbO3 whereas An = 0.3 for YAG. A quantitative analysis
‘“: of surface scattering loss in Nd:MgO:LiNbOj fibers and its dependence on An is
:.'::e presented in the next subsection.
_', 5.3 Surface Scattering Loss
) ‘,.:;
3 .,, It has been pointed out throughout this contract and previous ones that the
e main loss mechanism in crystal fiber lasers is surface scattering loss due to surface
;,E imperfections such as fiber diameter variations. It is possible to calculate the
'. power, originally in the fiber fundamental mode, that is scattered into higher order
:%. modes via surface (or bulk) refractive index-inhomogeneities, by using coupled mode
:3‘.,:“ theory.?
'::f:,' When applying coupled local-mode theory to crystal fiber lasers, it can be
;,, shown that the loss coefficient for the fundamental mode depends strongly on the
.g:‘: cladding-core refractive index difference. The loss coefficient is given by !°
5
o
,' . a = K[h(A)]*n,A%? (3.47)
ol
i
I.) ® A. W. Synder and J. D. Love, Optical Waveguide Theory, Chapters 27, 28, 31, 33, Chapman anci
o Hall (1983).

5 o
:; 10 Martin Fejer, Ph.D. Thesis, Chapter 2, Stanford University (1986).
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where

2 2
N, — Neep

2 b
2n¢,

n 2
h(A) = [(1 + 4A)(l + (n—"‘) ) + 2A]/2 : (3.49)

Neo, e = refractive indices of the core and the cladding respectively, and K =

A= (3.48)

proportionality constant. K depends on the fiber diameter, the wavelength of light
and the propertics of the diameter-variation distribution (assumed random). For
the purpose of comparing Nd:YAG and Nd:MgO:LiNbOj fibers having the same

diameter and surface quality, K can be considered a constant.

5.4 Estimation of the Laser Threshold

Let n. = 1.5 (epoxy or wax), n., = npy = 2.2 for lithium niobate fibers and

n., = ny = 1.8 for YAG fibers. Thus, Equations (3.47), (3.48), and (3.49) yield

A;n =027, h(ArN) = 3.55, a8y = 39K (3.50)

for Nd:MgO:LiNDOy and

Ay = 0.153, h(Ay) = 2.2, ay = 0.52K (3.51)

for N&:YAG. Therefore; a Nd:MgO:LiNbOj fiber exhibits 7.5 times more scattering
loss than a Nd:YAG fiber having the same surface quality, due to the larger core-
cladding refractive index difference.

The threshold for laser action is proportional to the fiber loss. Also, the gain
of c-axis Nd:MgO:LiNbOj fibers is three times less than the gain of Nd:YAG fibers.

Therefore, the threshold for the former must be 3 X 7.5 = 22.5 times higher.




;..,
ﬂ;};}‘

j

Typical absorbed pump power thresholds for Nd:YAG fibers are ~ 10
mW. Therefore, the expected absorbed pump power threshold for a c-axis
Nd:MgO:LiNbOj fiber is 225 mW.

It is clear from Equations (3.47), (3.48), and (3.49) that reducing the core-
cladding refractive index difference An can significantly reduce the scattering loss.
For example, for An = 0.01 (instead of the present value of 0.7 for lithium niobate

fibers) we calculate

A=45X10"3 h(A)=1.03,a =7 X 107¢K (3.52)

Comparing (3.50) and (3.52) we see that a reduction of three orders of magnitude
in the scattering loss can be achieved by providing the Nd:MgO:LiNbOj fiber with

a cladding with refractive index close to that of the core.

H. Electrode Fabrication and Electro-optic Effect in MgO:LiNbO;
and Nd:MgO:LiNbOj; Fibers

1. Introduction

MgO:LiNbOj single-crystal fibers are of great interest because of their potential
as in-line fiber optic devices that take advantage of the excellent electro-optic (or
acousto-optic) properties of this material. We can mention phase and amplitude
modulators among many other possible devices. Nd:MgO:LiNbOj single crystal
fibers offer the potential of highly-efficient Q-switched lasers with a greatly reduced
voltage requirement.

The afore-mentioned devices require the efficient application of an electric field
across the transverse dimension of the fiber. Because of the large dielectric constant
of LiNbOj3 the electrodes must be deposited directly on the curved surface of the
fiber. We started the study on electro-optic effect in LINbOj fibers by considering

the problem of electrode deposition,
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'L: Direct deposition of electrodes on a crystal fiber is complicated by the small
‘_.“ diameter and the curved surface of the fiber. A simple method to deposit gold
.:f electrodes consists of the following. The fiber is mounted on a metallic holder and
\ placed inside the evaporation chamber. After this first deposition, the fiber-holder
:':' is rotated by 180 degrees about an axis perpendicular to its surface. Now, the {
i ’ portion of fiber directly opposite to the first electrode is exposed to the gold atoms
::: and the second electrode is deposited. During the two evaporations some gold is ‘
also deposited between the electrodes. However, it forms a layer much thinner than
}; the ones in the portions directly exposed. This excess metal can be removed by
- using special gold solvents. This method is particularly attractive because of its
‘r‘ simplicity. However, it does not allow a precise control of the transverse dimension
3 of the electrodes.
3904 A second method consists of fabricating a mask containing a slot or V-groove
i with the desired electrode dimensions. These dimensions are about 1 em in length
: and 50-100 pm in width. Very precise control of V-groove dimensions can be
i achieved in silicon wafers by using preferential etching. Chemical agents such as
KOH can etch (100) crystalographic planes 400 times faster than (111) planes. KOH-
i? etching of a silicon wafer with <100> surface orientation results in the formation
:E: of V-grooves where the sides of the V are (111) planes. The angle between the
° V-side and the surface is 54.74°. For our application as a crystal-fiber mask, the
o~
\: silicon wafer must have V-grooves that pass through the wafer. During electrode
; deposition the smaller base of the trapezoidal V-groove is placed in contact with the
: fiber surface whereas the larger base of the trapezoid is exposed to the gold atoms. .
: If two masking-wafers are made, the fiber can be clamped between the two wafers.
: This method offers a very precise control of the electrode dimensions.
" We have called the first of these methods EEEM (evaporation followed by
{: etching of excess metal.) The second method is referred to as KSM (evaporation
i
[ )
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using a silicon mask). As we shall see, the EEEM method, in spite of its simplicity,

B!
‘. yielded very good results when applying it to lithium niobate single crystal fibers.
. This section treats the description and the aclual application of the EINEM
"' method. This technique, developed in our laboratories, allowed the first successful
fabrication of electrodes on a single crystal fiber. Second, this section deals with
::' the measurement of the electro-optic effect on these fibers.
>
" 2. Electrode Fabrication on Single Crystal Fibers
K
2 2.1 Fiber Holders
2
I To support the crystal fiber during metal evaporation we initially used a stain-
: less steel holder. One end of the fiber was firmly grasped by a clip attached to
the holder whereas the other fiber end was free. Due to the slight curvature of
o the holder surface the fiber was not in direct contact with the holder except at the

position of the clip. The way in which the fiber was mounted allowed the deposition

Bt

of the electrodes on diametrically opposite portions of the fiber without the need

- e
LR

for removing and reinstalling the fiber in the holder. However, this holder did not

allow orienting the fiber around its axis.

.

P ' Yol'Sl &2 WA

Preliminary results indicated that before the gold deposition, the fiber should
be oriented in the holder to avoid accumulation of gold on undesired regions of the

fiber surface. One situation that we wanted to avoid was the formation of three

LY

E electrodes instead of two which resulted from the symmetric deposition of metal
-, around each one of the three longitudinal ridges of the c-axis fiber. Thus, a new
; metallic holder was made to support the fiber during gold evaporation. It consisted
E of two pieces of aluminum, one of which contained V-grooves where one or two
- fibers could sit. The procedure for mounting and orienting the fiber prior to gold

. -V

deposition was as follows. The tip of the fiber was inserted into a capillary tube and

s
h
?
4
7’
L4

cemented with alumina bond. The capillary was then placed on one of the holder
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V-grooves, with the fiber protruding from the aluminum holder. The capillary was
rotated by hand under microscope observation of the fiber surface, until one of the
longitudinal ridges was centered on the microscope image. As we shall see below,
this orientation procedure yielded, after etching, one electrode centered about the
top ridge and the other electrode filling the region between the two bottom ridges.
Finally, the capillary tube was firmly secured by screwing the second aluminum

piece on top of the first piece.

2.2 Metal Evaporation

Gold deposition was the next step in the fiber electrode fabrication. The fiber
and fiber holder were placed inside a vacuum evaporation chamber where an electron
beam heated a metallic target. After a first deposition, the holder was rotated 180°
without moving the fiber. A second deposition followed. Typically, the thicknesses
of the deposited layers were ~ 100 A of chrome and 2 pum of gold. The chrome
layer served to enhance the adhesion of gold.

Due to the finite divergence of the evaporating beam, some metal was also
deposited on the portions of fiber located between the electrodes. However, these
inter-electrode layers were thinner than the electrodes themselves and could be

removed by using chemical etchants, as described below.

2.3 Etching of Excess Metal

The gold etchant consisted of a solution of potassium iodide and iodine in water
(100 g K1, 100 g I2 and 200 ml H20). The chromium etchant was composed of cerium
sulfate, nitric acid and water (27 g Hy Ce (SOy4)4, 100 ml HNOj3, 400 m] H20).

The EEEM method depends upon a complete removal of the inter-electrode or
‘excess” metal while simultaneously avoiding an excessive etching of the electrodes
themselves. A we will see below| the metal-removal time is a critical parameter for

the accomphishment of this objective. During the initial tests, the gold etchant was




s OO LT,

¢
A

further diluted in water in proportions of 1 to 5. It was found that the removal
time was only a few seconds (~ 5 sec). Thus, stringent tolerances in immersion
time resulted.

In a later utilization of the EEEM method the gold etchant was diluted in water
by a ratio 1/20 instead of 1/5 as was done before. The etching time for one fiber
was 25 scconds in the diluted gold etchant, followed by 20 seconds in the chrome
etchant. A second fiber was immersed in the gold etchant more than once to remove
a thin metallic strip at the center of one of the inter-electrode zones. For this second
fiber the total gold etching time was 40 seconds. After each etching, the fiber was
immersed in deionized water to remove the excess etchant. The immersion time
in the chrome etchant was not very critical since the chrome underneath the gold

electrodes was protected by the gold itself.

2.4 Results

One MgO:LiNbOj3 fiber and two Nd:MgO:LiNbOj3 fibers were successfully
electroded by using the EEEM technique. Some problems were encountered at the
beginning with three fibers. As discussed previously, these problems were solved
by allowing rotation-orientation of the fiber in its holder before evaporation and by
diluting the gold etchant. The following description refers to the results achieved
with the two Nd:MgO:LiNbOg fibers.

The quality of the resulting interelectrode zone can be seen in Figure 3.38. This
1= a microscope photograph of the fiber surface showing the electrodes on the top
and the bottom of the figure. The electrode edge is quite smooth and only a few
specks of gold remain in the inter-clectrode zone. Both features are illustrated in
Figure 3.3% The inter-clectrode zones for this fiber have widths of 30 gm and 50pm
respectively. For the second fiber the inter-electrode spacings were ~ 35 and ~ 60

g respectively.
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Figure 3.39--Polished End Face of a Nd:MgO:LiNbO
Fiber Showing the Gold Electrodes.
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Figure 3.39 depicts the end face of one of these fibers after polishing. The
microscope photograph shows the inner wall of the capillary tube, the red wax used
as bonding material and the c-axis fiber with the three characteristic ridges. The
gold electrodes are also readily apparent. One electrode is located symmetrically
about the left-top ridge in the figure. The other electrode lies betwen the other
two ridges, almost filling the space between them. The electrode location is a

consequence of the orientation procedure previously described.
2.5 Fiber Mounting and Wire Bonding

The fiber had to be mounted in a fixture that allowed fiber end-face polishing
as well as easy access to the electrodes. With these objectives in mind, we prepared
capillary tubes with slots on the side surface. Two slots, approximately 1 mm wide,
were cut on each capillary tube with the aid of a diamond saw. The slots were
diametrically opposite to each other and located at different positions along the
tube. They were just deep enough to reach the inner hole of the capillary tube.

The mounting procedure was as follows. The electroded fiber was inserted into
the capillary tube and oriented such as to expose each electrode to one of the slots.
The bonding material selected was wax, since epoxy would introduce undesired
stress due to shrinking while drying. The capillary tube and the fiber were heated
on a hot plate up to the nelting point of the wax. At that moment, wax was allowed

to flow into the tube by capillary action. To prevent the wax from reaching the

slots, thus covering the exposed portions of the electrodes, the capillary tube was
rapidly cooled by removing it from the hot plate. The following step was end-face
fiber polishing.

The final step was wire-bonding. A small diameter wire was introduced into the
slot and gently placed on top of the exposed electrode. Electrical contact between

the electrode and the wire was made by melting a very small piece of indium-metal
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on top of them with the aid of a blow dryer. The cohesion of molten indium

prevented it from migrating around the fiber, thus there was not a risk of short-

circuiting the electrodes.

3. Study of the Electro-Optic Effect in Nd:MgO:LiNbO3; Fibers

3.1 Experiment

The experimental set-up to measure the electro-optic effect in a Nd:MgO:LiNbO3
fiber consisted of the following elements. A HeNe laser at 632.8 nm, a quarter
wave plate followed by a polarizer to rotate the plane of polarization of the linearly
polarized beam to any desired position, a focusing lens, the fiber, an analyzer, and
a detector. The output power from the HeNe laser was very small (= 100 uW) to
avoid the generation of a screening field.

Different lenses and microscope objectives were used to attempt to launch only
the fiber fundamental mode. The best results were obtained with a f = 6.9 cm lens.
However, the output from the fiber was still multimoded.

The extinction ratio was determined from the ratio of power transmitted
between crossed polarizers to power transmitted between axes-aligned polarizers.
Special attention was taken to locate the birefringence-axes of a possible stress-
induced birefringence to maximize the extinction ratio. However, the largest ex-
tinction was 7 dB (a factor of 5). The reason for this low value can be fiber mode-
coupling as further discussed below.

A sinusoidal voltage signal at 30 kHz (~ 25 volts peak to peak) was applied
to the fiber. To maximize the device response, we set the polarizers at 45° to each
other. The measured device response was too low to be distinguished from the
detected noise.

With the aid of a lock-in amplifier we were able to measure a sinusoidal signal

at 30 kHz contained in the detected light. Its peak-to-peak amplitude Vp, was 20
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V. On the other hand, full modulation corresponded to a signal of V,, = 11 mV.

Thus, the modulation depth in our experiment was 20 uV/11 mV ~ 0.2%.
3.2 Interpretation

The half-wave voltage of this device can be determined from

AN d .
Vl/2 == 7 (3.53)
21187‘22
where A = 0.6328um; ng = 2.2;r92 = relevant electro-optic coefficient = 6 X

10712 m/V; d = electrode separation ~ 170 ym;¢ = fiber length = 9.25 mm.
Thus, Vj/; = 91 V. Therefore, the expected modulation depth was 25/91 = 27%,
whereas the observed modulation was two orders of magnitude lower.

We believe that the low modulation depth observed is due to the multimode
character of the fiber radiation. By using a ray picture we can see that different
modes experience different path lengths when passing through the fiber. Thus,
the associated phase shift difference between eigenpolarizations is mode-dependent.
Since the distribution of phase shift differences is most likely to be random, the net
modulation depth of the light beam is greatly diminished.

To have an efficient fiber modulator we should launch a single mode in a
multimode LiNbO3 fiber and avoid mode coupling inside the fiber. In Section IILLF.5
we presented theoretical calculations indicating that mode coupling is reduced by
orders of magnitude when the crystal fiber is cladded. Therefore it is clear that
the use of clad fibers would be greatly beneficial for both fiber modulators and fiber

lasers.
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3?‘; IV. SUPERFLUORESCENT EMISSION IN Nd3**:YAG SINGLE CRYSTAL
N FIBERS

&)
’;‘:‘ A. Introduction
o
‘.) . This section reports investigations of the possibility of generating a
‘r superfluorescent signal along the length of a single-crystal Nd:YAG fiber. Although
:: ' superfluorescence in laser materials has been known for quite some time, its
2 experimental observation in (active) optical waveguides has been very rarely
:' reported, mainly becauses of the lack of such waveguides until relatively recently.
3 Superfluorescence is generated by subjecting the laser material to a very high ex-
108 citation, or pump intensity, thereby creating a medium in which the probability
} of stimulated emission exceeds by far that of spontaneous emission. This situation
I usually arises only along one spatial direciton, usually the laser medium longest
l’ dimension, which coincides with the direction of highest (unsaturated) optical
: > gain. Under such conditions a strong stimulated signal (superfluorescent signal) is
'{ generated along this direction, which can extract most of the stored energy from the
active medium. This signal has a broadband spectrum, while being intense, which
3‘. makes it appealing for some single mode fiber sensor applications, in particular fiber
:‘ gyroscopes.
v In the previous phase of this contract we confirmed the potential of Nd:YAG
:': fibers as superfluorescence sources by developing a theoretical model of this type
:3 of interaction in optical fibers. The following investigations were aiined at the
Ha g8

experimental demonstration of superfluorescence in these fibers. We proposed to

L)

induce and identify superfluorescence by launching a pump beam into the Nd:YAG

.
SN

Pl )

]
~ %

fiber and observing the fluorescence signal at the fiber output. The objective of this

work was to characterize the fluorescent emission of Nd:YAG near 1.064 ym and to

attempt observing the onset of superfluorescence in small diameter fibers. For this

----------------



T T W e T T W T R W WY OETOeN T, @ oW W T W TN TR A e W TR IART TS TR e T T LT ST W WL Ty W W T T W TR T TG ot 7'-"71'

:'
L

X"

s
:: purpose we were also concerned with the miniature pedestal growth of crystal fibers
’ with sub-50 pm diameters, required to provide a high energy confinement and an
&

- enhanced emission.

". & In Section IV.B the process of fiber fabrication is described including growth,
I

‘ cladding and polishing. In Section I'V.C some of the most relevant theoretical aspects .
' of superfluorescence in lasers are presented. Section [V.D describes the experiments
::' in Nd:YAG fibers and rod, followed by Section IV.E which summarizes test results

and their analysis.

2

K B. Fiber Device Fabrication

)

L)

¢ 1. Fiber Growth

-

A
o The Nd:YAG fibers used in this work were grown by the laser heated miniature
S' pedestal growth technique. Some of these fibers were grown earlier in this program
-. for fiber laser studies. They exhibit diameters of 100 - 120 um and rms diameter
&

3 variations on the order of 5 to 10 %. The remaining fibers were grown in the
3

X

period covered by this report specifically for superfluorescence studies. For these

the starting material was a Nd:YAG rod (with a 1% Nd:3* doping) cut from a bulk

"2 2 a A

crvstal then ground to a 400 ¢ diameter rod on a centerless grinder. The diameters

P

of the new generation fibers are more uniform than those of earlier fibers, with

typically less than 3.09 rms variations along a one inch length. Some of the more

9 recent fibers were grown under diameter control conditions and exhibited improved .
2,
» diameter stability.
¢
" As shown in a previous theoretical analysis, the excitation power required
Y. : :
t to reach the onset of superfluorescence in a fiber made of a laser material can
A be reduced by reducing the diameter of the fiber. A great deal of effort was
A therefore spent on the growth of sub-50 gm diameter fibers, which required detailed
]
o,
o understanding of issues concerning fiber diameter stability during growth. As
'
:'v
.
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o Table 4.1

i1 “
N Summary of the Characteristics of Nd:YAG Fibers

Y

: }\ Fiber Length (mm) Diameter (um) |  Variation (%)

Iy . Y-104 i 10 13 7 0.75

. Y-106 13 135, | 048

10 Y-108 7 1352 | 065

:o‘: N Y-112 5 45 not recorded

'/ SN Gl & S GRS S N _}_.. _ Dot recorded

e Y-116 | 8 45 | not recorded

1 "

-»:: described earlier, the use of the second generation growth station for this purpose
2

C greatly facilitated this task. A total of 32 Nd:YAG fibers were available for this
N .

g study. Seven Nd:YAG fibers were grown under diameter control conditions. The
;"' diameter characteristics of some of these fibers are described in Table 4.1.. The
"_'-.-T. implementation of the diameter controller reduced their diameter fluctuations to
- - :

‘ less than 0.757 along a greater than 10 millimeter length. Figure 4.1 shows the
*.’.;_ diameter variations of fiber Y-106 as a function of position along the fiber length,
9K

"0-\, as measured during growth. To reduce surface scattering loss, some of these fibers
“.! . .

) were clad with LaSF30 glass, as described earlier. It should be noted that some of
.'

) :{ the clad fibers used in superfluorescence measurements were originally prepared for

cladding studies under other auspices.

“,..
PP,

2. Fiber Polishing

ST ®

For the purpose of fiber end face preparation individual fibers were inserted

T
LI

into a close-fitting glass capillary tube with adhesive and mechanically polished, as

10
A

ax
A

described earlier. For the purpose of superfluorescent investigations, the degree of
- perpendicularity between the fiber ends and the fiber axis is not a critical parameter,
PO and polishing operations were considerably simplified. The fiber ends were ground

and polished with a small commercial fiber end polisher (Buehler Fiberment Optical
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&
B,

Y

2y
: : Fiber Polisher), which drastically reduced processing time compared to the standard
) polishing procedure. With this unit, grinding with a 400 grit paper for 15-30
0

.{ seconds, followed by polishing on 3u and 0.3u grit for two minutes each, gave
} satisfactory end faces. During these operations the capillary tube was polished
[ ) - directly against the lap, without the need for additional support as its outside
‘

i diameter (~ 4-6 mm) was large enough to withstand lateral stress. The fiber end
vy

was inspected under an optical microscope after each step to detect any serious
,0:".

chipping of the fiber edges, in which case the process was started from the beginning,

‘::~ after adding more epoxy if necessary.

N,

N
? C. Physical Principle of Superfluorescence in Nd:YAG Fibers

o

: As background information on the physical principle of fluorescence and
ﬁ superfluorescence in a laser system, we show in Figure 4.2 the energy level diagram
‘ of Nd:YAG, a four-level laser system. When neodymium-ions are excited by an
v .
o energy source (the pump), ground state electrons (419/2) undergo a transition to
: the pump band, and then quickly relax via phonon interaction to the upper laser
A [
g level (4F3/2). As they relax to the 41“/2, 419/2 and 4113/2 levels, spontaneous emis-
".; sion occurs near the fluorescence wavelengths of 1064 nm, 946 nm and 1319 nm,
L
j: respectively.
N

Py Superfluorescence emission, also often referred to as amplified spontancous
_}_: emission, is different from both spontaneons fluorescence emission and resonant laser
\.\:

o emission. It is produced by an assembly of atoms (or ions and molecules) which are
7 coupled together via their common radiation field and decay cooperatively. For
t::: this coupling to occur, the applied excitation (or pump) field must be very high. In
J terms of stimulated emission, under a high excitation field the density of photons
-
) # . . . . . . oy
s’ generated by spontaneous emission i< .ufficiently large to induce a high probability
‘ of stimulated emission, which then becomes the dominant emission mechanism.
* L]
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In a standard, resonant laser cavity this situation is reached by increasing the
signal photon density by placing the optical gain medium in an optical resonator,
thereby relaxing the pump field (or threshold) requirement. A superfluorescent, laser
operates without an optical resonator. The threshold requirement is therefore con-
siderably higher, and the emitted signal bandwidth larger, than that of a conven-
tional laser. The implementation of an optical fiber as the gain medium, however, is
expected to contribute to a drastic reduction of the threshold pump power (but no
reduction of the bandwidth) as a result of the high energy confinement achievable
in a fiber over sizeable distances.

A theoretical analysis of superfluorescence in active fiber devices for fiber
system applications was recently developed under this contract. This analysis
presented a model for the optical gain and the level of ASE in optically end pumped
active fibers. An accurate description of the situation occuring in a crystal fiber was
obtained by taking into account the mode structure of the interacting pump and
signai fields, and the degree of spatial overlap between them. This model predicts
a lincar grotwth of the signal at low puinp intensity, followed by a sharp, nonlinear
increase at higher pump (threshold}, above which the growth is again quasi-linear,
as illustrated m Figure 4.3. Simple closed-form expressions for the threshold, energy
conversion efficiency (ratio of signal output power to pump power absorbed by the
fiber) and bandwidth of both single mode and multimode superfluorescent fiber
lasers were derived. In Nd:YAG devices end pumped near 10 nm, thresholds of a
few mW and conversion efficiencies possibly as higl as 387 per output face were
predicted in low loss, near single mode fibers. The threshold was found to be
minimum in fibers with a V' number of 1.7, while the slope efficiency was maximum
when V' > 4. An interesting finding was that this type of device is only slightly
affected by even moderately high fiber propagation losses.

For a Nd:YAG fiber end-pumped near 580 nm (as produced in our experimental
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investigations by a an ar-ion laser pumped Rh6G dye laser) with a core diameter of
40 pm, a step index difference of 0.005, and a neghgible loss, the threshold is as low
as 200 mW. This value drops as the square of the fiber core dimension, so that in
20 pm diameter fibers it is reduced to only about 50 mW. Although high relative
to resonant laser thresholds, such values can easily be achieved with conventional
CW dye lasers.

In the limit of large pumping rates, i.e. several times above threshold. it was
shown that the output power of a superfluorescent fiber laser may bhe approximated

by:

1 hiv,
P..= P (1)

)
2 he,

where he, and heygoare the sl and poamygp pheoa omeres ropeindls Py s the
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‘E: measured at the laser output port with a first calibrated EG&G power meter. The
Y
ot laser beam was focused with a single spherical lens into the crystal fiber sample,
da .
'é: held in place with an xyz positioner. To reduce potential thermal damage to the
3
:ﬁ« fiber and surrounding epoxy, and to check the dynamic behavior of the fluorescence
‘ ‘ signal, the pump laser beam was amplitude modulated with a mechanical chopper
KLY
;' into approximately 1 msec long square pulses at a 1%-2% duty cycle. A 20X
¥
: microscope objective was positioned at the output end of the fiber to collect the
[}
- fluorescence emission. Two color filters were placed after the objective to separate
: the fluorescence emission from the residual pump signal unabsorbed by the fiber.
%
Y
E::' The transmission of the combined filters was measured with a spectrophotometer
. to be T = 737 for wavelengths between 850 nm and 1100 nm. The filtered signal
*
12 was detected with an EG&G power meter.
.:"
5
s 2. Experimental Procedure
R . . . " .
3: The fluorescence signal, viewed on an oscilloscope, exhibited the typical tem-
N
:.. poral behavior of fluorescence emission from a laser medium pumped by a square
39
pulse. This behavior is illustrated with a theoretical curve in Figure 4.5. The time

g constant of the exponentially decaying experimental curves was about 7; = 230 —
. .

» 250 pisec, in good agreement with the well-known fluorescence lifetime of Nd:YAG.
. Quasi-CW pumping is achieved when the top portion of the fluorescence signal
¢ l ping p g
o4 . . :
. trace reaches its asymptotic value before the end of the pump pulse. In practice
3!

¥ the pump pulse duration ¢, was chosen to be a few times 77, which explains the
Phe. , _

selection of {, >~ 1 msec in our measurements.

'-f, To maximize the interaction between the pump and the fluorescence signal in
*f the fiber, care had to be taken to launch low order pump fiber modes, ideally only
v.
g the fundamental mode LPg;. In practice, this required careful selection of the focal
~ . : :
) 3 length of the focusing lens, and a fine adjustment of the fiber angular alignment
|
L
2.5

¢
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Figure 4.5--Theoretical Fluorescence Output
versus Time Pumped with a Square .
Pulse of Duration 950 usec (Tf =
usec) .
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" Figure 4.6--Schematic of Holding Fiber.
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with respect to the incident pump beam, using the arrangement of Figure 4.6. The
fibers that were tested possessed sufficiently good waveguiding properties to make
possible the launching of most of the pump power into the LPg; mode after these
conditions were satisfied. These steps were found to be essential to optimize the
amount of fluorescence power emitted at the fiber output.

During our investigations the primary quantity of interest was the dependence
of the fluorescence power emitted by the fiber (via ASE) on the absorbed pump
power. As mentioned earlier, theory predicts a linear growth at low pump intensity
levels, a nonlinear growth around superfluorescence threshold and a quasi-linear
growth as the pump power is increased well above threshold (see Figure 4.3). The
measurement of this dependence was therefore the main focus of this study as
a means of identifying the onset of superfluorescence. Prior to performing these
measurements, a number of calibrations were needed, which are described in the

next section.

3. Calibrations

3.1 Spectrum

The signal emitted by the fiber end contains all the fluorescence lines of
Nd:YAG, which are centered near 0.91 ym, 1.064 um, 1.32 um and 1.85 ym. The
power meter, having a silicon detector head, only responds to the first two lines
(which are also both passed by the color filters). The signal read from the oscillo-
scope therefore included two lines, which needed to be separated in order to select
only the 1.064 pum line of interest.

To this end the near infrared fluorescence spectrum of Nd:YAG was recorded.
From it the relative contribution of each line to the detected signal was evaluated.
The measurement arrangement is shown in Figure 4.7. The output of a Nd:YAG

fiber excited near 600 nm was analyzed by a monochrometer equipped with a
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motorized wavelength scanner. The fluorescence emission was measured between
860 nm and 1090 nm with a resolution of 2 nm, using the same calibrated EG& G
detector that was used to measure the total fluorescence power emitted by a fiber.
The spectrur. 1s shown in Figure 4.8.

Let Pjgs and Ppg; be the actual power carried by the fluorescence emission
in the 1.06 gm and 0.91 gm line, respectively. When measuring the total output
power of a fiber, the EG& G detector at the 1.06 gm calibration setting provides a
signal

So.91

Pr = Pros + 222t p, 1.2
f Los + g~ Fosr (4.2)

where S o5 and Spg; are the relative sensitivities of the detector at 1.06 pm and
0.91 #m, respectively. When recording the fluorescence spectrum (Figure 4.8), the
(same) detector provides a signal V(X) = S\ Py over a range of wavelengths \.
Assuming Sy is constant over each line of interest (while S) 08 7 So.91), the power
carricd by each line is proportional to the area subtended by the spectrum of the

corresponding line, namely A, 06 and Agg;. From Figure 4.8 we measured

S1o6Pros _ Aios
So910.01 Ao 91

= 0.42 (4.3)

For our system. Spg1/S1.08 = 3.45, so that from the measured value Py (Equation

4.2) we deduced Py g and Py gy simply from

Pros = 1.45P g1 = 0.2951’f (4.4)

Py = Pyos + Fog1 = 0.5, (4.5)

where s the total fluorescence power carried by the 1.06 gin and 0.91 pm lines.

The slope cllicieney sy g6 for the 1.06 g line is therefore related to the total slope
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efficiency s, = P¢/P,, by 81.06 = 0.592s;.
3.2 Absorption

The same measurement arrangement described in Figure 4.4 was used to
measure the absorption coefficient (as) of Nd:YAG fibers at the pump wavelength,
except for the color filter which was replaced by an infrared filter to cut off the
fluorescence emission. Even in small diameter fibers (=~ 35 ym) the residual pump
power unabsorbed by the fiber at the peak absorption wavelength was found to
vary linearly with the power incident on the fiber, i.e., neither saturation of the
absorption line nor two photon absorption were present.

From the measured value of the crystal fiber transmission, after appropriate
corrections for the lens transmission and Fresnel reflection at the fiber ends, we
calculated a total attenuation factor of about 4.5 em™!. This factor is the sum
of the fiber loss factor, which is usually less than 1 em™!, and considered to be
negligible compared to the absorption coefficient a,. Similar values were obtained
with all the Nd:YAG samples used regardless of their diameter and origin. To
evaluate the amount of pump power absorbed by the fiber we therefore took the
absorption coefficient to be 4.5 cm™!,

In some experiments the pump pulse duration was only T = 600 gsec. The
fraction g of steady state population inversion achieved at the end of these pulses

was then only

—-60

n=1-eT/""=1—¢%0 ~0.93 (4.6)

The effective emitted fluorescence power was then taken to be P, /1.

4. Test Fibers

A large number of Nd:YAG fibers were tested under this program, varying




N in core size, diameter smoothness, and cladding situation. These included glass-
clad and unclad fibers, ranging from 20 to 120 gm in diameter and from 4 to 8.3
mm in length. Glass-cladding processes for Nd:YAG fibers were developed under a
' contract with Litton Systems, Inc., and cladded fibers were made available for use
. in the laser studies of the present contract. For each fiber the fluorescence versus
absorbed pump power curve was carefully measured and calibrated, and the slope
efficiency of the device as a fluorescent source was recorded as a function of the
fiber core dimension. A certain amount of spread was noted in the slope efliciency
of fibers with similar core sizes, attributed to different levels of fiber propagation
loss. In each class of fiber size we therefore selected the results obtained from the
{ lowest loss fiber.
‘j In the following we will discuss the fluorescence emission properties of five
Nd:YAG single crystal fibers, and of a Nd:YAG crystal rod for comparison purposes.
The crystal rod was a 3 mm diameter and 8.3 mm long bulk crystal, in which the
interaction occurs between TEM modes. For convenience the test fibers were num-
bered 1 through 5, in decreasing fiber core diameter. Their physical characteristics
are listed in Table 2, including diameter, length, approximate diameter variations
and cladding material. Fiber No.l is fiber No. 2-4 of Array No. 2, an array
' of Nd:YAG fibers prepared earlier in this contract for resonant laser studies. All
: eleven fibers of this array were tested, and No. 4 was found to yield the best emis-
sion characteristics of all, as expected since it also produced the lowest threshold

" resonant fiber laser of this array.

" Fiber No. 2 is the lowest loss fiber of an array of 5 diameter controlled fibers

¢ prepared by J. Nightingale at Stanford University under other auspices. These ‘
o fibers were sandwiched between two pieces of Nd:YAG, where they were held in |
[

individual slots. The fibers were not bonded in the slots, but held in place by

N pressure. Mechanical protection was provided by a thin layer of gold deposited on

O
CONODIEN



Table 4.2

Summary of the Properties of All Five Samples

No. | g(pm) | Limm) | Costing | Pus/Ppinc | 8(%) | sros() |
3000 (c0) | 8.3 Air 0.82 091 | 054
1 120 7.5 Epoxy 0.82 | 095 | 056 |
2 48 6.0 Gold 0.79 051 | 030 |
3 45 5.3 Epoxy 0.76 100 |  0.59
4 4 4.0 Glass 0.71 33 1.95 |
5 20 ~4 Glass 0.71 21 | 127

the slots, which coated the outside surface of the fibers.
Fiber No. 3 is Fiber No. Y-116 (see Table 4.2). Its end-faces were polished as
described in Section 11.B. Fibers No. 4 and 5 are glass-clad fibers clad by an extrusion

method under the Litton program as described above. They have high index glass

cladding (n2 = 1.772), and have respective diameters of 41 and approximately 20
pum. They were also mounted in a glass capillary prior to polishing. Fiber No. 5 is

the smallest diameter crystal fiber optically tested to date.

E. Experimental Results

1. Emission curves

The output characteristic curves of all 6 samples are shown in Figure 4.9. The
first general observation that can be made is that regardless of the fiber diameter
and pump power level, the fluorescence signal was found to grow almost linecarly
with pump power. Second, with the exception of Fibers No. 2 and 5, the slope ‘
efliciency of the fiber devices increases as the fiber radius is reduced (see Fig. 4.9).
Third, in the best case (Fiber No. 4 of Table 4.2) the maximum output in the 1.064
pm line was in excess of 6 mW for an absorbed pump power of only 200 mW. The

X total fluorescence output in the 1.064 and 0.9 um lines was approximately 10 1\
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These figures compare favorably with the sub-mW power levels currently available
from commercial superluminescent laser diodes. However, the general behavior of
the emission curves do suggest that the onset of superfluorescence was not reached in
any of the tested fibers. To verify this point, we conducted two sets of independent

measurements, described in the following sections.

2. Fluorescence Spectrum

The various fluorescence lines of Nd:YAG in the vicinity of 1.064 um exhibit
different stimulated emission cross sections and are therefore expected to experience
different optical gains. As the pump power launched in a sample of Nd:YAG is
increased this differential gain should result in a prcferential growth of the highest
fluorescence peaks of the material. In particular, the superfluorescent regime should
be characterized by a definite increase of the dominant fluorescence line, and a
drastic reduction in the relative height of the weaker fluorescence lines.

The fluorescence spectrum of a Nd:YAG bulk crystal was recorded in the 1.064
pm range, when the crystal was excited with a low level of pump power (about
10 mW incident on the crystal) at 514.5 nm. The spectrum was similar to the
spectrum in Figure 4.8(c). In this low gain configuration, the intensity of the second
highest peak, normalized to the intensity of the highest peak (see Figure 4.8(c)),
respectively), is about 0.619. A similar intensity ratio was measured using Fiber
No. 2 (also at low pump power). In both the rod and the fiber, this ratio was found
to gradually decrease as the pump power was increased, as anticipated. In the rod
the ratio was down to 0.559 (9.7 %5) at an incident pump power of 2.0 watts (average
intensity of about 80 kW/cm?). In the fiber it was down to 0.571 (7.7 %) at 235
mW (about 30 kW /cm?), which is consistent with the fact that the drop should
scale like the pump intensity.

This evolution of the emission spectrum with excitation power, although
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‘::: significant, is certainly not as intense as what can be expected from a high gain
"of
'7 medium. It tends to confirm our tentative conclusion that superfluorescence was
.
) . oy -
e not attained in our fibers in the conditions of our experiments.
X
»5 3. Coupling to a Single Mode Fiber
N
. The second set of measurements which was carried out to support this conclu-
,' ' sion aimed at analyzing the mode content of the fluorescence emission. The Nd:YAG
. fibers having a large V number support a total number of guided modes N given
A by:
&R
.'h':
N 2ra
&
o
.-:
AY r2
i V
g N ~ 4.8
3 : (43)
_ ;‘ where n; and ng are the refractive index of the core and cladding, respectively, a is
;-_j the core radius, and X is the signal wavelength. For the fiber under consideration
P4
5
e (No. 4), n,=1.818, ng=1.772, and ¢=20.5 um, so that V=>50.3 and the number
KT of modes is N =~ 1000. Of these N modes only the fundamental mode can be
¥
-')' efficiently coupled into a single mode fiber. The fractional amount of fluorescence
) . . . : e
: signal which can be coupled into a single mode fiber is therefore an indication of
:' the relative amount of power carried by the fundamental mode in the signal. A
[ )
e large fractional power in the fundamental (i.c. highest gain) mode is expected at the
' onset of superfluorescence.
‘3 The experimental set up used to perform this measurement is shown in Figure
. 4.10. The output signal from the Nd:YAG fiber was first recollimated with a 10
" objective, filtered to eliminate the residual unabsorbed pump power, and focussed
_< into a short strand of single mode fiber with a second microscope objective. The
~.
:: silica fiber was single mode at 1.064 gm. The second objective was selected to
R
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maximize the fiber throughput. We measured the ratio of the output power P,
emerging from the second objective to the output Pz from the fiber end. We found
a ratio of P»/P; of about 1/2000. Since it is reasonable to assume that the coupling
efficiency of the fundamental mode into the fiber was less than unity, and generally
. on the order of 50 %, we can conclude that the fundamental mode made up about
2/2000, or 1/N, of the Nd:YAG fiber output. This ratio was found to be independent
of the pump power launched into the crystal fiber. This test shows that (1) of the
5 mW of power generated by Fiber No. 4 at maximum excitation (see Figure 4.9),
only 2-5 uW can be usefully coupled into a single mode fiber; and (2) no significant

differential modal gain was present at an excitation intensity of about 10 kW /cm?.

4. Discussion

4.1 Gain

As mentioned earlier, it was expected that the onset of superfluorescence,
characterized by a nonlinear growth of the signal, would occur for a single pass gain
on the order of 16 to 20 dB. The above results suggest that even in the smallest
diameter fibers, and at the highest available pump powers, the gain was not sufficient
to reach superfluorescence. It was expected that the single pass gain ¢ in a Nd:YAG

fiber could be:

orr P
.2 Labe (4.9)

hv, A,
o>
o where 0 = 3.2 X 107!% ¢m? is the stimulated emission cross section, Tr = 230 usec
}" is the fluorescence lifetime of the uppor laser state, A = ma? is the fiber core area,
Bl hv, = 2.15 X 107!%J is the pump photon energy (at Ap = 590 nm}, and F is a
e dimensionless overlap factor. When the fiber is pumped with the fundamental pump
Wt .. .
f::i mode (LPg;), F is equal to 2.1 for the fundamental signal mode, and to a lower,
‘e
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positive value for higher order signal modes. When the fiber is pumped uniformly,
i.e. with a superposition of all the guided pump modes, F is equal to unity for all
signal modes.

Using these numbers, it can be calculated that the single pass gain of the LPg,
mode in Fiber No. 4 (a = 20.5 um) is 0.24 dB/mW for the fundamental pump mode,
and 0.11 dB/mW for a uniform pump distribution. At the maximum tested pump
power of P,;, = 200 mW, the gain was therefore expected to be in the range of 23
to 48 dB, depending on the exact pump distribution in the fiber. The corresponding
LPo; gain values for the other test fibers are summarized in Table 4.4.

It is clear from these gain estimations that for most fibers with diameters of
50 pum or smaller, superfluorescence should have been observed for absorbed pump
powers of 200 mW. Yet the fact that the fluorescence spectrum of the emission did
not change significantly with pump power level certainly indicates that the emission
was not superradiant. It can therefore be inferred that the single pass gain was
smaller than calculated. The model developed above assumes a perfect alignment
between the pump and signal modes, which is a difficult condition to achieve in
practice. A less than optimum fiber alignment, especially angularly with respect to
the input pump beam, would result in a less than unity launching efficiency, the
launching of higher order pump modes and a poorer signal-to-pump modal overlap.
This argument is supported by numerous experimental observations of the strong
dependence of the fluorescence output power on the angular alignment of the fiber.
It was also observed in independent measurements that the gain in Nd:YAG fibers
may be somewhat smaller than predicted for an LPg; pump mode, so that it is
believed that the F factor may be closer to unity than to 2.1.

Another possibility is that the theoretical gain required to reach superfluorescence
may be larger than 16-20 dB. The model used to derive this figure made a number of

assumptions, including that of a single fluorescence lire. In practice this situation
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is not true for Nd:YAG, which exhibits several groups of fluorescence lines emanat-
ing from the same electronic state. This may well induce competition between ihe
emission lines and somewhat increase the gain requirement. This effect has not been

quantified under this study.

4.2 Fiber Loss

It is useful to evaluate the theoretical fluorescence output of a Nd:YAG fiber in
the linear regime, i.e., below the superfluorescence threshold. If the Nd:YAG fibers

were operated in this regime, one would expect, for a lossless fiber, a slope efficiency

h o+
8¢ = Pi/Pay, = h‘? - (4.10)
P

where Q% = 2n[1 —cos(sin~!(N A))] is the fiber solid angle in the forward direction,
related to the fiber numerical aperture N.A. For Fiber No. 4, N.A. ~ (1.820° —
l.7712)'/2 ~ 0.42,1* ~ 0.58, and s; should be on the order of 2.8%. This value
agrees well with the measured value of 3.3 9% (see Table 4.2). It supports our belief
that Fiber No. 5, and all fibers tested, were operated in the linear regime.

The primary motivation behind recording the absolute fluorescent level from a
variety of fibers was to gain an understanding of the influence of the gain and loss
on the superfluorescence emission. However, it appears that a direct quantitative
comparison of the behavior of the fibers (and rod) is difficult for a number of reasons.
First, the relative amount of fluorescence signal recaptured by the rod outer surface
and subsequently recollimated and detected, is difficult to evaluate; in a fiber this
problem does not arise due to the small transverse size of the fiber. Second, the fiber
loss depends on the fiber diameter variations and cladding material, and therefore
varies in an unknown fashion from fiber to fiber. Finally, the fiber loss is highly
mode dependent, higher order modes experiencing much higher propagation losses

than low order modes. The situation is therefore such that (1) comparison to
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our theroretical model is difficult, and (2) direct comparison of the quantitative
fluorescence power emission of fibers and rods is irrelevant.

However, a number of interesting qualitative conclusions can be drawn con-
cerning each fiber, discussed below.

(1) The largest fluorescence signals were observed in Fiber No. 4. Measurements
of propagation loss for this fiber under a contract with Litton Systems, Inc. indi-
cated a very low loss coefficient for the fundamental mode (about 0.1 dB/cm at
1.06 um), 3 to 10 times smaller than in unclad fibers of similar diameter. It also
exhibited the highest measured ratio of gain (per unit pump power) to loss of any
fiber laser of comparable or larger diameter. The fact that the highest gain to
loss ratio fiber also yields the highest fluorescence signal is in agreement with both
intuitive thinking and the predictions of our theoretical model.

(2) Fiber No. 3, with a similar diameter but epoxy as a cladding material yielded
a smaller slope efficiency than Fiber No. 4, by a factor of 3-4. This difference can
clearly not be attributed to the small difference in fiber diameters, but rather to
the 3-10 fold loss reduction brought about in Fiber No. 4 by its index-matched
cladding. These values were observed for several epoxy anrd glass clad fibers of
similar diameter. This result would tend to indicate that the cladding reduces the
loss of not only the LPg; mode, as inferred from oscillator measurements, but also
of most higher order modes.

(3) Fiber No. 3 is partially clad with gold as a result of the polishing process
it underwent (see Section II-C). It exhibited the lowest slope efficiency of all tested
devices. This poor performance is believed to be caused by high propagation losses
induced by the presence of a metallic cladding. Possibly higher than normal losses
for the [.Py; mode of this fiber were independently suggested by resonant oscillator
tests (done under other auspices). As higher order modes would suffer even higher

losses than the fundamental mode, the hypothesis of a significant propagation loss
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induced by a metallic coating is a satisfactory explanation of our observations.

(4) The smallest diameter fiber tested (Fiber No. 5) was initially expected to
exhibit the highest slope efficiency. However, its optical transmission, measured in
the visible range away from an electronic absorption of Nd3*, was much lower than
that of any reasonably good crystal fiber, suggesting a loss coefficient on the order
of a;= 3.5 em™! (for a multimode transmislsion). As a result, the relative absorbed
pump power P;,./P,s,, computed in Table 4.2 assuming a low loss fiber, needs to
be corrected for this fiber by the factor

Qg 1 — e~(aatact

— X 4.11
7 ag + g 1 — et ( )

With I = 4 mm and a,=4.5 em™!, v=0.56. The multimode fluorescence signal
propagating in this fiber can also be expected to suffer similar losses. Therefore the
slope efficiency of this device would have been at least 1/, i.e. about twice as large
as what was observed, had the fiber loss been more reasonable.

Inspection of this fiber prior to the cladding process revealed sizeable diameter
variations, on the order of 25 % peak to peak, as well as a slow tapering of the
diameter between 10-15 and 20-25 um over a centimeter length. To simplify the
already complex process involved in the generation of such small fibers, no attempt
was made to actively control the fiber diameter during growth. The poor diameter
stability of the fiber explains the high loss and strong meoede scattering observed in
this fiber, and its relatively low performance.

Figure 4.9 also shows that the slope of Fiber No. 5 is much less lincar than that
of the other samples. As the pump power was increased the fluorescence growth was
found to roll off sharply. Two mechanisms have been suggested for this effect. First,
nonlinear absorption in Nd:YAG, with the concommitant emission of a fluorescence
signal in the blue part of the spectrum; this mechanism requires high pump power

tntensities, which would explain that it is observed only in the smallest diameter
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' fiber, and to a lesser extend in Fiber No. 4. Second, variation of the pump input
$ad
" coupling efficiency as the pump power is increased, due to the power dependent
s mode size of the pump laser beam; only Fiber No. 5 was small enough to be strongly
¥al
o susceptible to this dependence. This phenomenon was ..ot investigated any further
Le :
. because of the high loss of this fiber, but is kept in mind as a potential future point .
.P.
- of interest.
L
1 .
3
o F. Conclusions
f" The above analysis of fluorescence emission in Nd:YAG fibers leads to several
:.: interesting conclusions. Although we failed to observe the output characteristics
&
& anticipated from theoretical considerations for a superfluorescent device, we did
. observe a high multimoded output signal from 20-50 pum core diameter fibers.
- Conversion slope efficiencies in excess of 196 (in the forward direction) were also
routinely recorded in several samples, corresponding to a net improvement by a
f: factor of 3-4 over unguided bulk devices. In this respect alone the advantage of a
1)
s fiber configuration was definitely established. This study also included fluorescence
L)
o - .
emission testing of 20 pm core, glass-clad Nd:YAG fibers. To the best of our
X knowledge these are the smallest single crystal fibers for which such emission data
LY
e
b have been obtained.
\
> Fluorescence spectrum analysis indicated the presence of a small degree of
- superfluorescence at the highest pump intensities tested, yet not nearly as much as
Cd
-2 what was expected from theoretical predictions. This point was confirmed by other .
f experimental observations, in particular a poor mode discrimination, leading to a
™ low coupling efficiency of the emitted signal to a single mode fiber. It is believed
| b}
o that the actual optical gain in the fibers may have been somewhat smaller than
ﬂ
calculated, and/or that the gain threshold for superfluorescence predicted by the
N theory is underestimated. It was suggested that the multiplicity of fluorescence lines
.
X
(34
e
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o in Nd:YAG, which was not included in our model, may be responsible for the latter.
O
&.J
A positive aspect of this investigation is that it emphasized the importance of
:' 2 loss reduction in single crystal fiber devices. The highest conversion efficiencies were
{
: observed in the lowest loss fibers, and the lowest conversion efficiencies in the highest
i,
. . loss fibers. With regard to this loss issue it was made clear that the presence of an
e
;: index-matched cladding greatly reduced the fiber loss not only for the lowest order
bt
vl mode, as was shown in other ~tudies, but probably also for higher order modes.
'
This conclusion is important as it points out future directions in the development
.
:,‘ of superfluorescent fiber lasers.
P
J'f; At the end of this study, it became apparent that the search for
Wy
v superfluorescence in active fibers needs to address the possibility of utilizing even
'}:Z smaller diameter fibers than we did. The development of single mode waveguides
4~
E‘; is clearly the most logical next step in this area, again with an emphasis on small
. propagation losses. In the single crystal fiber area, this goal may not be achieved
Y
:?. in the near future with Nd:YAG, although some loss reduction can definitely
L)
:J‘;: be expected for the 20 um fibers (V> 24) developed for this work. Nd-doped
!
J MgO:LiNbOj fibers, studied elsewhere in this report as resonant oscillators, may
Y
(0 . . . . . . . .
;' offer a more direct solution, as diffusion cladding methods available for this material
:h arc expected to provide near single mode waveguides in the near future. Despite the
Y
unknown represented by their residual susceptibility to photorefractive damage, we
D
;.: believe that they currently represent the most promising material in a fiber form
$-5 to be evaluated as superfluorescent sources. Finally, further theoretical studies of
-@: superfluorescence in multiple line materials, although not crucial, may provide a
‘o o .
o better description of the behavior of these fibers.
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., V. OPTICAL ISOLATOR AND ISOLATED SOURCE USING YIG
A. Introduction |
_ It is a well known fact that laser characteristics can be adversely affected by
e light reflected back into the laser cavity. Narrow linewidth and high-stability lasers .
:\: are particularly sensitive to retro-reflections. The surfaces producing the retro-
3 reflections create, in essence, an external cavity which competes with the laser
v cavity, degrading the laser linewidth, frequency stability, and amplitude stability.
: In particular, the desirable characteristics of the fiber lasers developed under this :
‘ contract could be adversely affected by optical feedback.
’ One way of avoiding the optical feedback problem is through the use of an
: optical isolator. An optical isolator is a device which allows optical energy to pass
in one direction with little attenuation, and blocks optical energy traveling in the
opposite direction with large attenuation.
: A miniature optical isolator which is compact, rugged, and adjustment free has
been developed under this contract which is suitable for use with fiber lasers. The
= non-reciprocal operation of the isolator is obtained by exploiting the Faraday eflect.
:. Polarized light travelliag in one direction is rotated with the opposite handedness
.' as light traveling in the opposing direction. If the amount of Faraday rotation is 45
é degrees, then light traveling between two polarizers set at 45 degrees with respect
: to one another will be passed when traveling in one direction, and blocked when
B traveling in the other direction. )
« :
s B. Miniature Optical Isolator
¢
:‘ 1. Description
;: The miniature optical fiber isolator is shown in Figure 5.1. In the center of
«‘ - 198 -
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Figure 5.1--Miniature Optical Isolator.
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the device is a section of YIG cylinder in bulk form. On either side of the YIG are

calcite crystals, and outside of the calcite crystals are GRIN lenses which colliate
the optical energy from one optical fiber and into the other optical fiber, on opposite

sides of the device.

2. Principle of Operation

The operation of the device is as follows. The output of a fiber laser is coupled
into a single-mode optical fiber. This fiber leads to the miniature isolator. Let this
fiber be the input fiber. The gradient index lens collimates the light emanating from
the fiber into an expanded parallel beam . The collimated beam passes through the
calcite crystal. The calcite crystal is oriented such that the plane of polarization of
the ordinary ray is in the vertical direction. The ordinary and extraordinary beams
are separated spatially after traversing a finite length of the calcite crystal, due to
Poynting vector walk-off of the extraordinary beam, i.e. double refraction. The
separated beams then pass through a length of YIG crystal which is resident 11 a
saturating axial magnetic field. The length of YIG is such that ¢ 45 degree rotation
in the plane of polarization is produced. The spatially separated and polarization
rotated beams then pass through a second length of calcite crystal, where the
ordinary beam remains undeflected and the extraordinary beam propagates at a
slightly different angle with respect to the ordinary ray again due to Poynting vector
walk-off. as in the first length of calcite crystal. The following GRIN lens focuses
the separated beams into two separated spots. The output fiber is positioned to
accept the ordinary beam and not the extraordinary beam, acting as a spatial filter
Thus, input light vertically polarized and traveling in the forward direction will
pass throngh the device with httle attenuation.

Light traveling in the reverse direction is not transmitted as described above.

When light enters the output fiber of the isolator, the first calcite erystal separates
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o the beam into ordinary a < extraordinary beams. The extraordinary beam is
S
.‘ | shghtly deflected, as in the input case, and is later rejected due to the spatially
oy . : . . :
[~ filtering action of the fiber on the other side of the device. The ordinary ray now
H needs to be considered. This ray traverses the YIG crystal and receives a 45 degree
ol rotation in its plane of polarization. This rotation does not bring the plane back to

.:\

i the vertical direction however, but due to the non-reciprocal nature of the Faraday
N

e effect, the plane of polarization rotates into the horizontal plane. This direction of

. polarization now appears to the second calcite crystal as an extraordinary beam,

A
:rj and is deflected from the path of an ordinary beam. The fiber at the far end of the
:::: isclator rejects this beam, as it has been displaced from the fiber core position after
N

hdl travelling the length of the calcite crystal. Thus both returning beams are rejected
:ft by the isolator by the non-reciprocal polarization rotation, double refraction, and
spatial filtering on the return path.
o
\

C. Isolation of a Fiber Laser

P

KPS U- "-"," ". I_Av;-'.

1. Evaluation of Laser Stabilization

«

A Nd:YAG fiber laser, developed previously under this program, was tested

‘.
- in conjunction with the miniature optical isolator. The goal was to measure the
7 . . . " .

Y improvement in amplitude stability of an isolated fiber laser over a non-1solated
o
S fiber laser.

-

- 2. Controlled Feedback
-

-@: . . . . .

- Several methods of introducing feedback into the fiber laser were considered,
" . . . : .
not a trivial task to perform in a simple, controllable, and easily analyzable fashion.
e Reflective splices or mirrors at the end of a fiber would certainly provide feedback to
B
5T the laser, but it would be difficult to measure and control the amount of feedback
. d

[t being generated. It was desired to be able to introduce or remove the feedback
S
_';j
)
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: signal without otherwise disturbing the optical circuit, so that any degradation or
G
improvement in laser performance with and without the optical isolator could be
p directly attributed to the action of the isolator. Also, the testing method chosen
' .
"; should have the characteristic of allowing the discrimination of feedback induced
v laser noise from laser noise originating from other sources. !
8
‘N The feedback to the fiber laser was provided by a Sagnac loop. A Sagnac

loop, or interferometer, consists of a single fiber directional coupler which has the
two output fibers connected together through a fiber delay line loop, as shown in
Figure 5.2. Light entering the coupler is split into two parts, each part traveling
around the Sagnac loop in opposite directions. The two optical signals enter the

same directional coupler, this time in the reverse direction, are recombined, and

.-:s: travel back towards the source. The amount of feedback can be easily controlled

s by adjusting the coupling coefficient of the directional coupler, or by adjusting the

;'. coupling between the optical isolator and the input fiber to the Sagnac loop.

::E Also included in the Sagnac loop was a phase modulator. The purpose of the

phase modulator was to provide phase modulation sidebands. The two counter-

~’ propagating optical signals are both phase modulated by the phase modulator.

,:. After passing through the directional coupler, the recombination of the two phase

é modulated optical carriers results in constructive and destructive interference. This

e interference occurs at the same frequencies as ihe phase modulation sidebands. In

S{E this way, the phase modulation sidebands are converted to amplitude modulation

S sidebands by the Sagnac interferometer. Thus, the amplitude modulated optical )
f’ carrier fed back into the laser allows the easy identification of laser noise induced .
; by feedback from the Sagnac loop. The controlled optical feedback simulates a real

‘g optical system, which often unavoidably returns laser power back to the laser.
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Figure 5.2--Experimental Set-up used to Determine the
Improvement in the Noise Characteristics
of the Nd:YAG Crystal Fiber Laser when
Operated with the Prototype Optical Isolator.
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3. Controlled Feedback Experiment

The experimental set-up used to test the isolated fiber laser is also shown in

h Figure 5.2. The principle of operation of the test was to provide modulated feedback
\‘ into the fiber laser, and to look for disturbance in the fiber laser output related to the
a modulated feedback. The modulation of the feedback allowed the discrimination '
! between the effects of feedback and other possible sources of noise. .
:.! Three tests were performed. The first test was to measure the output charac-

& teristics of the fiber laser without any feedback. The second test was to measure
.?: the output characteristics of the fiber laser in the presence of optical feedback. The

: third test was to evaluate the degree of isolation provided by the functioning optical

3 isolator in the fiber circuit following the fiber laser.
:.':' An argon laser emitting approximately 2 watts at 514 nm in the green was used
“ to pump a dye laser emitting approximately 200 mW at 590 nm in the yellow, which
- was then used to pump a Nd:YAG fiber laser developed earlier under this program.
. The fiber laser emitted 1.3 pm light at approximately 2.5 mW. Approximately 50%%

:: of the output from the Nd:YAG fiber laser was coupled into a 1.3 um single-mode
telecommunication fiber. This fiber passed through a directional coupler where
: some of the light was tapped off for laser noise monitoring purposes. The other
:\ output of the first fiber coupler was used to controllably reflect light back to the

: fiber laser.

The feedback to the fiber laser was provided by a Sagnac loop, consisting of a .
,. second fiber coupler and approximately 550 meters of 1.3 pm single-mode fiber. The

.;i Sagnac loop contained a PZT phase modulator. The phase modulator was driven (
:: at approximately 450 kHz and with a large enough amplitude to generate many

o sidebands. The drive level was set to maximize the 8th, 9th, and 10th harmonics,

' where a good signal-to-noise ratio could be obtained.

;. The optical isolator was situated between the laser and the Sagnac loop. The

3
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:"'t fiber-to-fiber insertion loss of the optical isolator in this experiment was measured
EE?'.S to be approximately 1.7 dB. Two air gaps existed in the tested implementation of
':::: the optical isolator. Approximately .8 dB of the insertion loss could be due to the
‘,:' .2 dB Fresnel reflection at each air-glass interface. In the desired implementation
;:_:_ of the optical isolator without air gaps, the insertion loss should be less than 1 dB.
b

1 . 4. Experimental Results

"9

:_f The spectral characteristics of the fiber laser under the condition of no optical
.::: feedback were measured by physically decoupling the Sagnac loop from the optical
a isolator. Displayed in Figure 5.3 is output of the fiber laser detected with a PIN
?E photodiode under the condition of no feedback, as viewed on a spectrum analyzer.
:-S The increasing amount of noise around D.C. is due largely to the argon laser.
5 However, at frequencies greater than 3 MHz, the noise level of the laser has dropped
\E to near that of the electronic noise floor of the spectrum analyzer. This is the region
r\»'d': of the laser output spectrum which was used for the laser noise measurements.
\:‘ y Again, this is the output of the fiber laser without any feedback from the Sagnac
o~ loop, which was physically disconnected at the time.

33“ The second test was performed with the fiber circuit as shown in Figure 5.2,
f., including all the elements of the optical isolator except for the removal of the
;‘ permanent magnet around the optical isolator. The removal of the permanent
\i magnet deactivated the optical isolator, allowing light to be transmitted equally
: in both directions. The reason for leaving the deactivated optical isolator in the
33 optical circuit was to avoid the effects of inserting or removing optical elements
:;3 ‘ of the isolator from the fiber circuit. This was important in terms of avoiding
.'2 ' introducing unnecessary insertion loss, which would provide some isolation of the
:’ fiber laser on its own, and could be erroneously attributed to action of the optical
" isolator. With all the elements of the optical circuit shown in Figure 5.2 in place,
2l
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Figure 5.3--Output of the Nd:YAG Fiber Laser without
Feedback. The Large Amount of Noise at
Low Frequencies is from the Argon and Dye
Lasers preceding the Fiber Laser.
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except for the magnet, the effect of the optical feedback from the phase modulated
Sagnac loop into the fiber laser was then measured at the output of the first coupler
and displaved on the spectrum analyzer. In Figure 5.4(a), the output spectrum of
the fiber laser is displayed after the Sagnac loop was connected to the output of
the isolator components, minus the permanent magnet. The Sagnac loop provided
a large amount of optical feedback to the isolator and the laser, as the lack of
the permanent magnet prevented the proper operation of the optical isolator. The
degradation in the fiber laser output is clearly visible as large intensity fluctuations
at the same locations as the phase modulated side bands generated in the Sagnace
loop.

The third test was performed with the permanent magnet placed over the
optical isolator components, resulting in a functional optical isolator. The output
of the isolated fiber laser was measured at the output of the first coupler. The
reduction in laser noise sidebands related to the modulation frequency of the phase
modulator in the Sagnac loop was identified, and attributed to the action of the
miniature optical isolator. With the addition of the permanent magnet around the
optical isolator components, a dramatic reduction in noise sidebands in the fiber
isolator output can be noted. This is displayed in Figure 5.4(b). The reduction in
the noise sidebands can be seen to be approximately 40 dB in this experiment.

Improved accuracy in the adjustment of the calcite crystals can be expected to

further increase the rejection ratio of the isolator.

5. Conclusion

We have designed, fabricated, and tested a miniature optical isolator which
provided a feedback suppression ratio of 40 dB and an insertion loss of 1.7 dB when
tested with a fiber laser developed previously under this program. The miniature

optical isolator is a polarizing optical isolator, which is desirable for fiber lasers. In
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- Figure 5.4 (a)--Output of the Nd:YAG Fiber Laser with Feedback
from a Sagnac Loop Containing a Phase Modulator
Operating at .45 MHz. The Phase Modulator is
Being Driven Hard, Maximizing the 8th, 9th, and
10th Sidebands. Optical Isolator Deactivated.

R T N Y T

<=-50d8m 10700 4,74

~
.

AR

b (e

)

Sl

A b. <‘
®:
5] 0.0 ¢
L) J‘
&Y
b)
K Figure 5.4(b)--Output of the Nd:YAG Fiber Laser with Feedback,
h) and the Prototype Optical Isolator Activated.
A Note the 40 dB Reduction in the Nolse Sidebands
g . . .
Lq of the Fiber Laser, oven with Non-optimal Adjust-
.-:", ment o the (\/}lti\‘dl Tasolat .
! n’_‘\
' b
Xl
&




- addition, the potential applications of the isolator extend to many other types of

"y fiber systems.
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